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The development of “smart” biomaterials for biomedical applications such as drug delivery 
systems, tissue engineering applications and neural prosthetics is a goal sought after by many 
researchers. Multifunctional and electroactive hydrogels as a class, possess inherent properties 
that can bring these goals to fruition. However, their practical applications are limited by the 
difficulties associated in synthesising hydrogels with properties which can be readily tuned and 
incorporating electroactive components into hydrogels without compromising the 
electrochemical properties of the overall structure. This work describes the synthesis and 
characterisation of hydrogels with easily tuneable mechanical and swelling properties, and the 
synthesis and characterisation of a novel electroactive hydrogel for potential applications in 
tissue engineering, drug delivery, and neural coatings respectively. An acrylate based 
copolymer, poly(acrylic acid)-cysteine-acrylic acid (PCA) was prepared and cross-linked via 
photo initiated thiol-acrylate chemistry. By using this Michael type addition chemistry, it was 
possible to synthesize a range of hydrogels and tune the mechanical and swelling properties of 
the formed hydrogels. The resulting hydrogels thus possessed mechanical and swelling 
properties which could be readily tuned by adjusting the ratio of thiol to acrylate concentration 
and changing the cross-linking time. Biocompatibility studies showed that the hydrogels 
exhibited excellent biocompatibility when tested against RPE1 cell line, and were observed to 
facilitate cell adhesion and proliferation without the need for further modification of the 
hydrogel with ECM proteins. 
These PCA hydrogels were used to further investigate the electrodeposition of 
electroactive polymers within hydrogels, and used to develop an electroactive hydrogel by 
electrochemically depositing PEDOT within the matrix of the hydrogels. In investigating the 
electrodeposition of electroactive polymers in hydrogels, PCA hydrogels were compared 
against pHEMA, one of the most widely used, commercially available, and biocompatible 
hydrogels. A sulfonated aniline polymer PMAS, was used as the electroactive component. 
Findings showed that the electrochemical growth and properties of PMAS was favoured in 
PCA hydrogels over pHEMA due to distinct chemical and physical properties present in the 
PCA hydrogels, but not in pHEMA. Moreover, during the electrochemical deposition of 
PEDOT, the PCA hydrogels proved to be chemically resistant and thus making it possible to 
carry out the electrochemical deposition in the three PCA hydrogels from an organic solution 
 
 
containing the monomer and electrolyte salt. Electrochemical characterisation of the three 
PCA-PEDOT hydrogels formed confirmed that all three hydrogels exhibited lowered 
impedance values at 1 kHz within the range applicable for in vivo applications. These findings, 
in addition to the biocompatibility studies carried on pristine PCA hydrogels, suggest that these 
hydrogels represent a class of multifunctional hydrogels which may be potentially used for a 
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The concept of using non-biological materials to mimic and study the biological and human 
system with the aim of advancing medical care is not a new concept in itself. Historically, these 
studies have been carried out on inert materials such as glass slides, and have gone as far as 
making implantable glass eyes, stainless steel hips and tooth filings. The already existing 
opportunities for these materials expand every day. With the growing need to understand the 
human body and discover ways to tackle diseases on the rise, imagine a material, which could 
not only mimic the in-vitro system, but could be programmed as a therapeutic material and 
could also respond to internal and external triggers. This is the aim of “smart” biomaterials and 
this field represents a future in biomedicine and medicine, which could transform the ways we 
treat illnesses, and also study them in a non-invasive in vitro environment.  
Using multifunctional hydrogels, as “smart” biomaterials is an increasingly growing area of 
research, owing to the inherent properties that hydrogels possess. These properties include 
mechanical properties similar to mammalian tissue, ability to swell in aqueous environments 
and biocompatibility. They can readily be modified to respond to changes in pH, temperature, 
electrical signals and chemical triggers. All of which are processes which are a part of normal 
physiological conditions and can signal changes, indicating disease or can be used to address 
said diseases within the body. Hydrogels, have previously been used in making soft contact 
lenses and other cosmetic applications. However, recent advances in the field of “smart” 
biomaterials have been towards creating “smart” hydrogels which can perform a number of 
functions such as, the ability to act as responsive interfaces for medical devices such as neural 
electrodes. Hydrogels, which are able to act as pH, temperature or electrically controlled drug 
delivery systems, whereby a change in any of the aforementioned triggers, results in a 
corresponding release of drug product, and can be used as scaffolding for cell culture and tissue 
engineering applications to name a few.   
 




The synthesis and fabrication of “smart” biomaterials is an expansive field, but like every 
field across all industries, there is a push for synthesis methods which are cost effective and 
consume less time. There is also a push for the development of “smart” biomaterials as they 
have the potential to function across multiple biomedical applications and significantly 
improve the way in which synthetic materials interact with human systems. Such materials can 
be realised in novel, responsive, hydrogels with tuneable properties as this means they can be 
readily modified to suit different applications. 
Despite the wide range of favourable properties available to hydrogels, the wide range of 
applications in which they can be employed makes it difficult to develop a base hydrogel which 
can be readily modified to fit multiple applications. This is because during the synthesis of 
“smart” hydrogels, their properties are usually tuned for specific applications, which is ideal. 
However these synthetic approaches are usually complex, non-reversible, and result in 
materials which have one primary functionality and cannot be easily modified to fit other 
applications or incorporated into other processes. This means that a hydrogel synthesized for 
drug delivery application cannot be modified for use as a scaffold for tissue engineering and 
vice versa. While this is not inherently a negative thing, it leaves room for developing “smart” 
hydrogels which can be used across multiple applications with minimal modifications.  
Hydrogels with tuneable mechanical properties and electroactive properties have come close 
to bridging this gap. The mechanical properties of hydrogel have a direct relationship with 
physical characteristics such as its swelling ability and its cross-linking density. The ability to 
easily tune these properties, across a wide range of values, represents a significant gateway in 
developing multi-functional hydrogels. In addition, the ability to fabricate electroactive 
hydrogels, serves as another way to further develop “smart” hydrogel biomaterials. This is 
because electrical activity is a part of physiological processes and is known to enhance cellular 
behaviour in in vivo studies. In addition, the use of electrical stimuli can also be used in analyte 
detection, cellular regeneration and drug delivery systems. However, the synthesis of hydrogels 
which can possess both tuneable mechanical properties and electroactive properties is 
challenging to achieve. This is a direct result of the difficulties associated with creating 
interpenetrating networks between two or more hydrogels and polymers. A process which is 
essential for the development of “smart” hydrogel materials.  
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Processing of hydrogels is also an area which has attracted interest, as the ability to process, 
and the ease of processing will greatly impact the potential scale up of these systems and is 
overall advantageous for building complex scaffolds and architectures. The general low cost 
associated with modern processing techniques, coupled with the actual fabrication techniques, 
allow for complex assembly of hydrogels with relative ease. Thus a “smart” hydrogel, which 
can also be processed has great cost saving potential making it an avenue worth exploring. 
Inkjet printing is a microfabrication technique which is useful for the rapid assembly of 
microstructures. It allows for the building of complex two-dimensional and three dimensional 
structures, as in the case of hydrogels. It also allows for the incorporation of other materials 
such as APIs, ECM proteins and cells into the matrix of a hydrogel. This makes it of particular 
interest for the fabrication of scaffolds for cell culture studies and the assembly API-coated 
micro-electrode arrays.  
The fundamental aim of this project is to synthesize and fabricate a biocompatible, 
multifunctional, electroactive hydrogel with readily tuneable mechanical properties for 
biomedical applications. To achieve this, three things must be considered and identified; a 
hydrogel backbone which can readily be modified, a synthetic route to allow for the desired 
modifications and a facile means to incorporate an electroactive polymer within the hydrogel 
matrix.  Thiolated poly(acrylic acid) was identified as a hydrogel backbone and cross-linked 
with acrylic acid. The use of UV-assisted thiol-acrylate crosslinking was anticipated to result 
in control over the crosslinking density of the hydrogels. Finally, electrochemical 
polymerization of an electroactive polymer within the hydrogel was theorised to produce an 
interpenetrating network which results in better electrochemical properties in the hydrogel. 
This project also investigates the processing of hydrogels via inkjet printing, with the main 
focus on modifying the printing parameters as opposed to the properties of the hydrogel ink, 
thus maintaining the integrity of the hydrogel during the printing process.  
To the author’s knowledge, the approaches mentioned above are novel and if successful will 
pose considerable progress in the current approaches towards synthesizing and fabricating 
multifunctional hydrogels.  
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1.3 Material Development Rationale 
The fundamental aim of this project as stated earlier, is to synthesise and fabricate a 
biocompatible multifunctional electroactive hydrogel. This was driven by the clear gap in 
literature which indicated a number of things. First, there is a clear need for synthetic hydrogels 
which possess readily tuneable properties and support cell adhesion and proliferation, however 
most synthetic hydrogels which have tuneable properties, do not support cell adhesion and 
proliferation. Secondly, while literature findings highlighted the significance of hydrogels 
which are responsive, they also highlighted the difficulties associated with synthesising such 
hydrogels. Particularly when investigating the formation of electroactive hydrogels, it was 
observed that significant limitations exist in the current approaches. Moreover in looking at the 
specific approach of electrochemical polymerisation as a route of synthesis, it was found that 
these systems are limited to aqueous systems and there is very limited understanding to the 
factors that influence the formation process. 
This work thus looked into addressing each of these drawbacks by first, synthesising a 
hydrogel which could support cell adhesion and proliferation and possessed readily tuneable 
mechanical and swelling properties. In selecting the base polymers used in hydrogel formation, 
the following were determining criteria. The polymers needed to be i) biocompatible, ii) have 
properties that allowed for functionalisation of the polymer with compounds which were 
known to support cell adhesion and proliferation iii) have properties that could be readily tuned 
and iv) have functional groups that would allow for simple crosslinking reactions to take place 
on the hydrogel. By using these criteria, it would be possible to address the first identified 
drawback in a quick and efficient manner. 
The incorporation of an electroactive polymer into the hydrogel structure, was identified as 
a way to make hydrogels responsive to electrical and ionic stimuli. These stimuli were selected 
because they are essential for the normal functioning of the human body as they are known to 
trigger responses within the human body. Thus by incorporating electroactive polymers in 
hydrogels, the formed electroactive hydrogel would be a closer representation of the 
extracellular matrix surrounding cells in places such as the skin, the brain and the heart. It 
would be biocompatible, support cell adhesion and proliferation and also be responsive. All of 
which are desired properties for mimicking in vivo systems, the ultimate goal of this project.  
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Electrochemical polymerisation was investigated primarily because of the limited 
understanding of the process when employed in the formation of electroactive hydrogels. Two 
electroactive polymers were used to study the electrochemical formation of electroactive 
hydrogels and were selected based on their inherent properties specifically their redox activities 
and their solubility. As one of the aims of the study was to provide better understanding into 
the factors that affect the electrochemical polymerisation of electroactive polymers within 
hydrogels, organic and aqueous systems were investigated to allow for comparison and better 
understanding. Four hydrogels were also used in this study, all with varying degrees of ionic 
concentration and mechanical properties and chemical comparison. The degree of variation 
within the hydrogels would allow for a comparative study into which of these factors influence 
the growth of electroactive polymers in the hydrogel matrix.  
Finally, in selecting a polymer for the formation of the final multifunctional, electroactive 
hydrogel, the electroactive polymer was selected based on its established redox properties and 
its biocompatibility and the hydrogels investigated were selected based on findings from the 
earlier works of this project which highlighted properties which could potentially favour the 
formation of a multifunctional, electroactive hydrogel.  
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1.4 Research Question and Hypotheses 
Based on the preceding discussion, this project investigates the following research 
questions: 
Research Question 1: Is it possible to synthesize a hydrogel with tuneable mechanical 
properties, and exceptional swelling abilities with the ability to facilitate cell proliferation and 
adhesion without need for modification with ECM proteins? 
Research Question 2: How do the physical and chemical properties of hydrogels interact 
with and affect the ability to grow electroactive polymers within hydrogel matrices. Can the 
electro-polymerization process work with different monomers, particularly monomers of 
different physical and chemical properties? 
Research Question 3: Can the synthesized hydrogel facilitate the electrochemical growth 
of an electroactive polymer, within the hydrogel structure and from an organic medium, 
resulting in an electroactive hydrogel which maintains the properties of the incorporated 
electroactive polymer?  
Research Question 4: Is it possible to create three-dimensional electroactive hydrogel 
structures via inkjet printing, utilising different hydrogel inks without making significant 
modifications to the composition of the hydrogel ink? 
The research questions raised above where explored on the basis of the following research 
hypothesis: 
Research Hypothesis 1: UV-assisted thiol acrylate chemistry can be used to control the 
crosslinking density of hydrogels as a function of time, leading to changes in the mechanical 
properties of the hydrogel system. 
Research Hypothesis 2: Softer hydrogels/hydrogels with low cross-link density and 
hydrogels with ionic properties result in better electrochemical deposition of electroactive 
polymers within hydrogels and better electroactive properties. When these factors are taken 
into account, electro-polymerization can be adapted to suit the respective hydrogel and 
monomer. 
Research Hypothesis 3: Additive manufacturing techniques such as inkjet printing allow 
for a layer by layer fabrication method. This method can lead to the integration of polymer 
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layers resulting in interpenetrating networks when one component is polymerized within the 
other. 
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1.5 Thesis Overview 
The remaining chapters of this thesis are broken down as follows: 
Chapter 2 is an introduction into the topic of hydrogels. Multifunctional hydrogels, 
responsive hydrogels, electroactive hydrogels and their present synthetic approaches. This 
review chapter focuses mainly on the current approaches used in synthesizing hydrogels with 
tuneable properties, and the techniques used in the incorporation of electroactive materials into 
hydrogels and the recent advances made to date.  
Chapter 3 describes the synthesis and characterisation of thiolated poly(acrylic acid) based 
hydrogels via a combination of synthetic routes. The hydrogels were characterised for their 
swelling, mechanical and cell compatibility properties. 
Chapter 4 investigates the use of inkjet printing as an additive manufacturing technique for 
the fabrication of electroactive hydrogel films. This chapter focuses on the robustness of a 
custom built inkjet printer, its ability to print hydrogel films and the subsequent controlled 
introduction of an electroactive polymer into the hydrogel, with limited modifications to the 
hydrogel inks prior to printing.  
Chapter 5 describes the electrochemical polymerization of sulfonated- poly(aniline) within 
four different hydrogels, acting as a preliminary study to determine and establish factors that 
influence the ease of electrochemical polymerization within hydrogel structures and 
corresponding electrochemical properties. Structural, morphological and preliminary 
electrochemical characterisation was carried out on electroactive hydrogels fabricated in this 
chapter.  
Chapter 6 presents and discusses the electrochemical polymerization of PEDOT within the 
hydrogels synthesized in chapter 3. This chapter further explores the effect of hydrogel 
structure on the electrochemical polymerization and the properties of the formed electroactive 
hydrogels. It further presents an approach for fabricating a novel electroactive hydrogel based 
on PCA-PEDOT. Electrochemical, structural and morphological characterisation of the 
electroactive hydrogels are also included in this chapter. 
Chapter 7 presents conclusions from the experimental work carried out in this thesis, 
highlights its research contributions and proposes future work to be carried out. 
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2.1 Introduction  
The development of smart biomaterials for use in skin grafts, tissue engineering, 
regenerative medicine, drug delivery and neural prostheses attracts significant attention in the 
field of biomedicine and medicine. A “smart” material, simply put, is any material able to 
respond to stimuli or able to stimulate or induce a response from biological tissue and cells. 
These materials can integrate and interact with cells, providing them with signals which trigger 
cell repair and growth or delivery of drug substances to the cells or the surrounding areas (Pérez 
et al. 2013).  The development of these materials mean shorter recovery time, fewer post-
operative risks, and in some cases eliminates the need for secondary surgery. An advancement 
in this area would be a leap for man in improving the quality of life for people suffering from 
all types of ailments ranging from subcutaneous wounds (Zhao et al. 2017, Zhang et al. 2018) 
to myocardial infraction (Cui et al. 2014). 
Biomaterials have evolved over time. The evolution of these materials has seen them 
progress from simple ceramics used in orthopaedic implants to hydrogels used in soft contact 
lenses. However, although these biomaterials have a wide range of applications, the future of 
biomaterials is in what is referred to as stimuli responsive materials. Stimuli responsive 
materials, are materials that respond to external stimuli such as pH, temperature, electrical 
charge etc.  Their response to stimuli can result in a change in mechanical properties, shape or 
result in growth making them ideal candidates for applications including artificial muscles and 
actuators. These “smart” materials also have the potential to be tailored to respond to the 
presence or absence of biological entities making them ideal for drug delivery or biosensors.  
One group of materials that are under investigation as “smart materials”, are 
electroactive and conductive polymers, the latter of which is a type of electroactive polymer. 
Electroactive and conductive polymers are a class of polymers, which have the distinct ability 
to change shape and size when an electrical current is applied and display electric conductivity 
respectively (Stejskal 2017). Over the last few decades, electroactive and conductive polymers 
have become popular due to their potential applications in biomedicine and medicine. The 
interest in them is a result of their aforementioned ability to respond to electrical stimuli and 
ionic charge. Their responses range from changes in shape to changes in colour. These 
materials display a variety of additional properties that make them desirable, and with the 
development of the science, they are often modified to incorporate additional desired properties 
such as increased mechanical strength and biocompatibility. They can be oxidised or reduced 
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at moderate potentials causing changes in physical and chemical properties such as 
conductivity, ion exchange and drug-eluting properties. Some of the most popular electroactive 
and conductive polymers are Poly(3,4-ethyelenedioxythiophene) – (PEDOT), polyaniline 
(PANi), polypyrrole  (PPy), polythiophene (PTh) and their derivatives. Polypyrrole and its 
derivatives show good biocompatibility and stimulate tissue regeneration. Reports on them are 
extensive and show promise. (Williams and Doherty 1994, Wong et al. 1994, Schmidt et al. 
1997). Extensive studies on other polymers such as polyaniline have seen them as promising 
candidates for tissue engineering (Wang et al. 1999, Li et al. 2006). With the recent advances 
in EAPs and CPs, a great increase is seen in their potential applications ranging from polymeric 
light emitting diodes (LEDs) (Kumar and Sharma 1998) to drug delivery to tissue engineering 
(Beregoi et al. 2017, Baumgartner et al. 2018, Dettlaff et al. 2018, Shklovsky et al. 2018, 
Orduño Rodríguez et al. 2019). Because of the presence of charges and potential differences 
within living tissue, research suggests that the application of electrical stimuli can strongly 
improve cell activity and cell growth (Schmidt et al. 1997, Wu et al. 2016, Wu et al. 2017). 
This makes EAPs and CPs ideal materials for tissue engineering applications owing to their 
inherent conductivity, reversible oxidation, and three-dimensional geometry. On this basis, 
current research is geared towards the developing of EAPs and CPs towards controlled release 
systems, biosensors, electroactive scaffolding, neural implants, and bio-actuators. 
As attractive as these materials are, displaying excellent electrical and optical 
properties, like most things, they have their limitations and drawbacks. Some of these 
drawbacks include difficulty in post synthesis processing, their insoluble nature in aqueous 
media and their poor mechanical properties. The most common approach to resolving these 
drawbacks involves making composite materials with a material with the desired mechanical 
or elastic properties. Another approach is functionalising the EAP or CP backbone with a more 
hydrophilic side chain, which in turn improves the properties of the polymer. Although 
researchers have found ways around these limitations, two major issue remains. Most EAPs 
and CPs are not biodegradable which makes them unsuitable for in vivo biomedical 
applications (Li et al. 1993, Murray et al. 1997). This implies that when they are left in vivo 
for extended periods, inflammatory responses kick in, causing problems for the patient. 
Because of this, a secondary procedure is thus required to remove the implanted material, 
which is undesirable. The second drawback lies in the biocompatibility of these materials. In 
most cases implantable electrodes, or drug release devices made from just EAPs and CP trigger 
a “foreign body” response which causes the formation scar tissue around the electrode in the 
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body due to their hard and rigid structures. Fabricating a material combining the redox and 
conductive properties of CPs and EAPs, which is able to degrade in vivo and trigger minimal 
if any undesired inflammatory responses is an ideal goal for many researches.  
Hydrogels are another group of polymers that belong to the class of smart biomaterials. 
They are three dimensional, cross-linked, hydrophilic networks, made from polymers and able 
to swell in aqueous and biological fluids. These materials are biocompatible and are similar in 
morphology to mammalian tissue. They are classified as smart/responsive biomaterials because 
they can be synthesised to respond appropriately to stimulus with either physical or chemical 
transitions (Small et al. 1997). Hydrogels have the ability to shrink or expand in 
water/biological fluids, in response to external stimuli such as changes in pH, temperature and 
electrical fields. They have historically had their applications in the biomedical field, the first 
of which was in use as soft contact lenses. The hydrogel poly(hydroxyethylmethacrylate) 
(pHEMA), which was first discovered in the 1960s is one of the components used in soft 
contact lenses to date (Alex 2017). Hydrogels such as poly acrylic acid are pH sensitive, and 
swell and de-swell at different pH’s. Others like poly(N-isopropylacrylamide) (PNIPAm) are 
temperature sensitive and have a phase transition at 37 °C making them suitable for injectable 
hydrogels. The most common use for these materials are in drug delivery applications; 
however, tissue engineering and cell scaffoldings are other areas that these materials find their 
applications (Ciolino et al. 2014, Guo et al. 2015). Other applications for hydrogels include 
neural electrode coating, wound healing dressing and biosensors. Although research into these 
materials is ongoing and promising, several drawbacks limit their use. Most hydrogels are made 
up of two or more polymers and one of the drawbacks that exists is the ability to form 
interpenetrating networks of these polymers within the hydrogels. When an interpenetrating 
network exists, there is better spatial and temporal control of the hydrogel during synthesis and 
the hydrogel can be tailored to possess certain desired properties. By definition, an 
interpenetrating network exists when the polymerisation or growth of a hydrogel takes place 
within the matrix of an already formed hydrogel. No chemical bonds exist between the two 
components; however they cannot be separated by simple physical means (Ullah et al. 2015, 
Goding et al. 2017). This interpenetrating system represents an ideal smart hydrogel, and 
although much research is focused on this, there is still room for improvement. Particularly in 
the synthesis of hydrogels which are fully responsive and support cell adhesion.  
The fabrication of a smart biomaterial able to accurately respond to stimuli and mimic the 
mammalian system is an ideal situation for the field of biomedicine. A system like this would 
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be biocompatible, soft, and sensitive to external physical stimuli and electrical impulse. 
Achieving this goal would fill a gap in the current state of the art for smart biomaterials, as the 
result would be a seamless synthetic biomaterial able to fit and respond to the mammalian 
system with limited disruptions and adverse effects. Electroactive hydrogels are a class of 
materials which can potentially bridge the gap between soft tissue and artificial materials, 
respond to internal and external stimuli and can be used for a variety of applications in 
biomedicine. An electroactive hydrogel is a hydrogel which has an electroactive polymer 
introduced into its network. The resulting material is a hydrogel which possess the favourable 
biocompatible properties of the hydrogel and the electro and ionic responsiveness of the 
electroactive polymers. Thus making it a responsive “smart” material. These materials have 
recently come into the limelight as potential tools to solve the problems associated with 
standalone electroactive polymers and none responsive hydrogels. As a result, much research 
has gone into developing these materials, and this chapter looks into some of the approaches 
that have been looked into and the electroactive hydrogel materials which have been fabricated. 
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2.2 Hydrogels  
Hydrogels are three-dimensional, hydrophilic networks able to swell in aqueous media, 
water or biological fluids, while maintaining their structure. Their ability to absorb water is due 
to the level of cross-linking between these polymeric materials and it renders them with a soft 
rubbery constituency similar to that of mammalian tissue (Rosiak and Yoshii 1999). These 
materials contain hydrophilic functional groups, which allows them to be penetrable by water 
molecules when they are present. These groups, including carboxylic and hydroxyl groups, 
form physical or chemical bonds within the polymer backbone. 
Hydrogels have numerous applications across the field of medicine and biomedicine. One 
of the earliest applications was as soft contact lenses (Wichterle and LÍM 1960). Since then, 
investigation into their possible applications has grown exponentially. One of the most 
investigated applications is their use as drug delivery devices (Gutowska et al. 1992, Kim and 
Lee 1992, Prusty and Swain 2019). Other applications include their use in wound healing, (Fan 
et al. 2014) tissue engineering (Li Zhang et al. 2014, Sayyar et al. 2015)  and cell therapy (Shin 
et al. 2015) to name a few.  
The first hydrogel, pHEMA, came to light in the 60’s, 24 years after its synthesis. In 1960, 
two scientists reported on the cross-linking of 2-hydroxyethyl methacrylate (HEMA) in an 
aqueous environment. Their findings showed that the cross-linking of this material in water 
and other solvents resulted in soft, clear, water swollen gels (Wichterle and LÍM 1960). This 
discovery was the beginning of the use of hydrogels in biomedical applications. 
Hydrogels are classified by a number of parameters including their physical properties, 
responsiveness, source material, i.e. naturally derived or synthetic, nature of crosslinking and 
ionic charges to name a few (Ullah et al 2015). All hydrogels by default are classified by more 
than one parameter, for example, you can have a hydrogel derived from a natural source, which 
is responsive to pH and crosslinked by physical means. In such an instance, the hydrogel can 
be classified by all three or either of the three parameters. As a result of this inherent property, 
the scope of their various classifications are beyond the scope of this work, however those 
relevant to this study are touched on briefly and hydrogels looked into in detail are responsive 
hydrogels and the classification based on the synthesis process employed. This is discussed in 
details in later portions of this chapter. 
Hydrogels can exist as either natural hydrogels or synthetic hydrogels depending on the 
source of the parent polymer. Natural hydrogels are synthesised from naturally occurring 
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compounds such as alginate, gelatin, collagen, and chitosan (Ullah et al. 2015). There are 
benefits to these hydrogels, the main one being biocompatibility (Manouchehri et al. 2019). 
Because most of them exist in nature and the extracellular matrix, they are often biocompatible 
and degradable. Most natural hydrogels have poor mechanical properties and as such  need to 
be modified or combined with a second polymer network to improve their mechanical 
properties However, because they are formed from naturally occurring materials, it is often 
difficult to control the degradation and structural properties of natural hydrogels. They also 
pose the risk of adverse immune responses when used in vivo.  
Synthetic hydrogels are fabricated chemically from synthetic polymers. The main 
advantages of synthetic hydrogels is the ability to tailor the polymer structure to meet specific 
needs and the ease of reproducibility during synthesis. It is easier with synthetic polymers to 
tailor mechanical properties, microstructures and the rate of polymer degradation as the case 
may be. This makes them an extensively studied class (Chai et al. 2017, Kleber et al. 2017). 
However, making these hydrogels biodegradable sometimes proves to be difficult, limiting 
their potential applications. Moreover must synthetic hydrogels do not support cell adhesion 
and proliferation further limiting their applications and requiring most synthesis modification 






Figure 2.1 Classification of hydrogels highlighted in this chapter, with the classifications discussed 
in more detail and used later in the chapter, highlighted in black 




Hydrogels are generally formed by crosslinking of a linear polymer. They can be formed by 
physical or chemical cross-linking. Both of these means result in a fully cross-linked hydrogel. 
However variances exist in the final product formed depending on the nature of the cross-link 
formed.  
Physically cross-linked hydrogels are of particular interest because this method of cross-
linking eliminates the need for cross-linking agents, which can be toxic and can damage the 
integrity of cells and proteins, which may be incorporated into the hydrogels. Physical cross-
linking can occur as a result of ionic interactions, these interactions can occur at room 
temperature and physiological pH. Alginate based hydrogels are able to undergo ionic cross-
linking to form hydrogels. Owing to this, and the mild conditions required, alginate hydrogels 
are favourable for cell encapsulation and protein release (Thu et al. 1996). Another polymer, 
which forms a hydrogel via ionic interaction, is chitosan. Chitosan forms a gel when 
electrostatic interactions and hydrogen bonding are present between the chitosan and 
polyphosphate salts. Chitosan as a result remains a solution at room temperature and turns into 
a hydrogel at physiological temperature (Tan and Marra 2010). Other physical processes such 
as freeze thawing result in the formation of hydrogels. Some of the factors that affect this 
process include the temperature, number of freezing cycles, molecular weight of the polymer 
etc. (Hennink and van Nostrum 2012). 
One of the major applications for physically cross-linked hydrogels is their use as injectable 
hydrogels. Injectable hydrogels are generally thermosensitive or thermoresponsive block 
copolymers that are able to undergo reversible transitions between liquids and solids when the 
polymer concentration is above the critical level. They are constructed from either lower 
critical solution temperature (LCST) thermosensitive water-soluble polymers or upper critical 
solution (UCST) water-soluble polymers. These polymers are able to self-assembly into 3-
dimensional physically cross-linked networks and undergo sol-gel transitions in response to 
temperature change making them ideal for injectable materials. While thermosensitive 
polymers are the most common type of injectable hydrogels, they can also be hydrogels which 
are sensitive to pH and ionic concentration (Fu and Zhao 2016) (Yang et al. 2014). 
Chemical cross-linking involves the use of a chemical cross-linking agent to form a covalent 
bond. The two main approaches are, cross-linking via radical polymerisation and cross-linking 
by chemical reaction of complementary groups (Ullah et al. 2015). Cross-linking via 
complementary groups is more common for injectable hydrogels and includes reactions such 
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as Michael addition (Liu et al. 2014), Schiff base reaction, and other click reactions (Yang et 
al. 2014, Ullah et al. 2015). Another approach is photo cross-linking with the use of a suitable 
photo initiator. This approach is similar to radical polymerisation and follows a radical chain-
growth or step-growth polymerisation. Thiol-ene chemistry is one of the routes used for photo 
cross-linking of polymers to form hydrogels. Cross-links occur between the ‘thiol’ and ‘ene’ 
reactive groups causing the parent polymers to form hydrogels. This approach is quite 
favourable as the conditions required are mild and the process is quick and easy (Lingli Li et 
al. 2018). Lingli Li et al fabricated a gelatin based photocurable hydrogel, which was tested in 
vivo for corneal wound repair. Gelatin was functionalised with acrylic acid and cysteamine to 
give a thiolated and an acrylated gelatin. They reported that this process produced no side 
products and the reaction conditions were mild occurring at neutral pH and low temperatures 
(Lingli Li et al. 2018).  
Another way in which hydrogels are classified is according to their responsiveness. As a 
class, hydrogels are either non-responsive or responsive. Most hydrogels under investigation 
are however responsive because of the many advantages they pose. The ability of responsive 
hydrogels, to respond to stimuli such as changes in pH and temperature makes them of great 
interest for applications like controlled drug delivery, artificial muscles, biosensors etc. (Silva 
and Oréfice 2014). Responsive hydrogels respond to external stimuli and experience changes 
in their mechanical properties, swelling properties, growth etc. Based on this, classifications 
for responsive hydrogels exist. The most popular classifications that exist for biomedical and 
medical applications are temperature responsive, pH responsive, electrically responsive, and 
enzyme responsive. The responsiveness of hydrogels is a property that is often dependant on 
the desired application of the hydrogel. For example, there are responsive hydrogels designed 
to respond to changes in glucose levels. These have applications for treating diabetes in glucose 
biosensors. Injectable hydrogels for use in tissue engineering, cell therapy and would healing 
are usually thermoresponsive hydrogels. They undergo sol-gel transitions at physiological 
temperatures. Examples of these are PNIPAM (Zhou et al. 2014), poly(acrylamide) and their 
composites. Acrylate based hydrogels such as poly(acrylic acid) (PAA) and poly(methyl 
methacrylate) (PMMA) and their copolymers are pH responsive and their swelling properties 
are known to increase or decrease based on the pH of their surroundings (Schoener et al. 2013).  
The responsive nature of these hydrogels broadens their applications and makes them more 
attractive due to their “smart” properties. 
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Owing to the numerous applications of hydrogels, much research is going into the synthesis 
of hydrogels with tuneable properties. The ability to control/tune easily the properties of a 
hydrogel opens the window for better multi-functionality. The rationale behind this lies in the 
fact that the applications of hydrogels are highly dependent on the properties of the hydrogel. 
For example, hydrogels used in wound dressings applications should hold many time their 
weight in water, so they are able to absorb exudates or blood whilst still a moist environment 
and acting as a barrier to microorganisms (Qu et al. 2019). On the other hand, hydrogels used 
in tissue engineering or as coatings for medical devices, need to have a certain level of 
mechanical stiffness, as such when these hydrogels are synthesised, improved mechanical 
properties are always a priority (Wang et al. 2019). In the same way, hydrogels used in drug 
delivery generally rely on the degradation of the hydrogel for drug release. Owing to this, the 
properties of importance are the degradation rate and the swelling/absorption rate (Yom-Tov 
et al. 2016, Cao et al. 2019). Ultimately, the biocompatibility, swelling rates, and softness of 
hydrogels is what makes them popular, however, as the applications vary, so the desired 
properties vary. In addition, many hydrogels without modification, lack all the desired 
properties to be multifunctional. As a result, there is a need to fabricate hydrogels, which have 
properties which can readily be tuned and are responsive to give the desired properties (Cao et 
al. 2019). 
The rest of this chapter looks at the class of responsive hydrogels, known as electroactive 
hydrogels (EAHs). It touches on EAHs with tuneable properties, and some of the common 
approaches used in forming/fabricating these EAHs highlighting their classification based on 
the preparation route used.  
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2.3 Electroactive Hydrogels 
Electroactive hydrogels (EAH) are polymer blends or composites made up of electroactive 
polymers and polymer hydrogels. The two components of electroactive hydrogels provide them 
with highly sought after properties. The electroactive polymer component provides electrical 
conductivity, which is known to play a vital part in cellular activities, to the material and the 
hydrogel component provides the material with in vivo and in vitro biocompatibility and high 
degree of hydration amongst other things (Guiseppi-Elie 2010, Manouchehri et al. 2019).   
Electroactive hydrogels have been under investigation since 1991 (Gong et al. 1991) but in 
the last seven to ten years, an extensive amount of research has gone into these materials. In 
1995 Guiseppi-Elie et al followed by Wallace et al (Small et al. 1997) in 1997 were amongst 
the first to describe electro conductive hydrogels. Wallace et al worked on a range of 
conducting polymer-hydrogel composites, which they synthesised via electropolymerisation. 
Their polymer-hydrogel composites were based on polypyrrole and polyaniline as the 
electroactive component and polyacrylamide as the hydrogel component. They ran a series of 
experiments to characterise the conductive hydrogel and found it to have good electroactivity 
and water retention. They arrived at this conclusion from the high water content of the materials 
and their ability to induce electrochemical release (Small et al. 1997).  
The popularity of electroactive hydrogels has grown over the years with their applications 
becoming wide spread. Electroactive polymer hydrogels ideally obtain their electroactivity 
from intrinsically conducting/electroactive polymers and not ionic compounds (Huang et al. 
2014). When electroactive/conducting polymers are synthesised on their own for biomedical 
applications, they exhibit properties such as low solubility, low biocompatibility and fragility 
(Pillay et al. 2014). One of the ways that the above drawbacks can be tackled is by making 
polymer blends or composites comprising of a polymer hydrogel and an electroactive polymer 
(Brahim and Guiseppi-Elie 2005).  




Figure 2.2 Advantages of electroactive hydrogels with readily tuneable properties for 
biomedical applications 
Because electroactive hydrogels are responsive biomaterials, they have numerous 
applications in the biomedical field. Their favourable properties make them ideal candidates 
for many drug delivery systems and biomedical devices. For example, when they are used as 
neural prosthetic devices and implantable biosensors, they provide the added benefit of a tissue 
to electrode interface, which is compliant, conformal and has low interfacial impedance. In 
their use as drug delivery devices, certain hydrogels have been shown to shrink in volume when 
placed between two electrodes. This shrinkage induces drug release (Sutani et al. 2001). Zhao 
et al were able to synthesis an electroactive hydrogel with self-healing properties for wound 
dressings (Zhao et al. 2017). Li et al synthesised in situ forming biodegradable electroactive 
hydrogels as bioactive scaffolds for tissue regeneration (Li et al. 2014). Huang et al synthesised 
an in situ hydrogel of tetra aniline-g-poly(vinyl alcohol), reinforced by supramolecular 
nanofibers with potential applications in biosensors and scaffolding for soft tissue regeneration 
(Huang et al. 2014). 
Biocompatible
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The ultimate goal for researchers when fabricating smart, “multifunctional” hydrogels is to 
arrive at a structure which is responsive to stimuli and that possesses properties, which are 
easily tuneable. The properties of hydrogels relate directly to their end applications. In an ideal 
situation, hydrogels used in biomedicine should possess properties that allow minor 
modifications to yield significant changes in the desired properties. Thus allowing the parent 
hydrogel to be modifiable for multiple applications. Thus the fabrication of EAHs which also 
have readily tuneable properties, particularly mechanical, swelling and conductive properties 
have gained significant attention. 
The versatility of electroactive hydrogels also means they can be synthesised via many different 
routes which allow them to be classified according to the nature by which the EAH network is 
formed (i.e. preparation). Electroactive hydrogels may be synthesised as composites, polymer 
blends or interpenetrating networks (Pillay et al. 2014). They can be fabricated via chemical 
reactions, electrochemical reactions, or a combination of both for use as neural electrode 
coatings, electroactive scaffolding, drug delivery systems and biosensors (Huang et al. 2014, 
Li et al. 2014, Bueno et al. 2015, Li et al. 2016, Kleber et al. 2017, Kotanen et al. 2018, Wang 
et al. 2019) 
 
2.3.1. EAHs with tuneable mechanical and swelling properties 
 
Researchers have reported fabricating hydrogels with tuneable properties using a number of 
approaches (Wang et al. 2010, Yom-Tov et al. 2016, Zihao Xu et al. 2018). These  approaches 
all have one thing in common, they investigate modifying the components of already existing 
hydrogels, to give hydrogels with novel, tuneable properties including mechanical (Burdick et 
al. 2005, Pérez-Garnes and Monleón-Pradas 2017, Qian Xu et al. 2018) and swelling properties 
(Wu et al. 2018, Abou-Okeil et al. 2019). These properties receive significant attention because 
they are directly related to each other, and can provide substantial information on the physical 
properties of the hydrogel. In addition, the ability to easily tune them can potentially result in 
hydrogels, which can be used for a wide range of applications. 
Dong et al reported the synthesis of an injectable electroactive hydrogel with chitosan as the 
hydrogel and aniline tetramers as the electroactive component. The hydrogel reported had 
tuneable swelling, gelation and conductive properties. A graft reaction enabled the synthesis of 
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the chitosan-aniline tetramer (CS-AT) component. The aniline tetramer to chitosan ratio varied 
over a range of predetermined values ranging from 8% to 20%. The dibenzaldehyde-terminated 
PEG-DA, synthesised by a chemical reaction between PEG-DA and 4-formylbenzoic acid, 
acted as a cross-linking agent in the preparation of the CS-AT hydrogel. This was made 
possible by the Schiff base linkage that forms between the aldehyde group and the –NH group 
of chitosan. The CS-AT hydrogel formed via physical cross-linking when the temperature of 
the mixture of the solution of CS-AT and PEG-DA increased to 37 °C. As Schiff base chemistry 
occurs under mild conditions, the formation of this hydrogel can occur at physiological 
conditions making it ideal for in vivo applications. As with previously done work, the gelation 
time increased with increase in aniline tetramer (AT) content. Cyclic voltammetry and UV-vis 
confirmed the electrochemical properties of the hydrogel. They also measured the conductivity 
of the hydrogel in its swollen state using a pocket conductivity meter and their result showed 
that the hydrogel had a conductivity ranging from 2.29 × 10−3 to 2.42×10−3. Swelling studies 
carried out showed that with an increase in AT concentration there was a decrease in swelling 
abilities. (Dong et al. 2016). 
Feig et al reported the synthesis of a highly conductive and stretchable hydrogel with readily 
tuneable mechanical properties. The hydrogel synthesised was a double network hydrogel 
comprising of PEDOT:PSS and polyacrylic acid (PAA). The hydrogel was synthesised through 
a three step process. First the PEDOT:PSS hydrogel was synthesised from a commercial 
solution of PEDOT:PSS with low polymer content. The ionic strength of the hydrogels were 
increased by adding the ionic liquid 4-(3-butyl-1-imidazolio)-1-butanesulfonic acid triflate, 
which had previously been identified as an excellent dopant for PEDOT:PSS thin films. 
Moreover because it strongly interacts with PEDOT:PSS, they utilised its electrostatic 
interaction with PEDOT:PSS as a tool to move the solution past its gel phase boundary. Thus 
resulting in hydrogel formation when the ionic liquid was mixed with PEDOT:PSS. Following 
this, the PEDOT:PSS hydrogel was soaked in an aqueous solution of acrylic acid, 
bisacrylamide and a thermal initiator. The addition of acrylic acid caused the hydrogel to 
shrink, strengthening the hydrogel blend. Finally, the acrylic acid was polymerised through the 
PEDOT:PSS network by introducing the swelled hydrogel into a container in an oven at 70 °C 
for 30 minutes.  




Figure 2.3 Process for fabricating C-IPN hydrogels. a) PEDOT:PSS hydrogels formed from 
aqueous solutions of PEDOT:PSS . b) the PEDOT:PSS hydrogel is infiltrated with acrylic acid, 
bisacrylamide, and an azo-initiator c), the polyacrylic acid network is formed by polymerizing 
the monomers in water at 70 °C as reported by Feig et al (Feig et al  2018) 
 
The mechanical properties of the hydrogels were characterised via tensile elongation. The 
hydrogels formed had a wide range of stiffness ranging from 8 kPa to 400 kPa. With the 
stiffness increasing with an increase in the concentration of acrylic acid used during the 
polymerisation of acrylic acid in the PEDOT:PSS hydrogel network. It was interesting to note 
that despite the wide stiffness range, the hydrogels were highly stretchable. A property they 
attributed to the high water content in the hydrogels which allowed for more degrees of freedom 
within the polymer chain. The double network PEDOT:PSS hydrogels were also observed to 
have excellent electrical conductivity. The conductivity was assessed via the four point probe 
method and all hydrogels exhibited conductivity higher than 10 Scm-1, with the highest 
conductivity being approx. 23 Scm-1. The conductivity was observed to decrease as a function 
of the concentration of acrylic acid in the PAA hydrogel precursor. Altogether, the double 
network PEDOT:PSS was found to have tuneable mechanical properties, and excellent 
electrical conductivity with the concentration of acrylic acid used in the precursor being the 
influencing factor. Moreover, due to its favourable properties, it could potentially be used for 
bio-interfacing applications. (Feig et al 2018)  
Lu et al reported the synthesis of a pure PEDOT:PSS hydrogel with high electrical 
conductivity, high stretch-ability, exceptional mechanical properties and tuneable swelling 
properties. The hydrogel was synthesised by introducing volatile dimethyl sulfoxide into 
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aqueous PEDOT:PSS solution. This was followed by controlled dry-annealing and rehydration, 
the result of which was the PEDOT:PSS hydrogel. Optimal DMSO concentration of 13% vol, 
and annealing conditions comprising of three cycles of 30 minutes annealing at 130 °C resulted 
in the formation of hydrogels with exceptional properties. The hydrogel formation is based on 
the formation of micellular structures consisting of hydrophobic PEDOT rich core and 
hydrophilic rich PSS shell which occur when PEDOT:PSS is in an aqueous colloidal 
dispersion. Three interactions, pi-pi stacking of adjacent PEDOT chains, attractive 
electroastatic forces between pi conjugated PEDOT chains and negatively charged PSS chains, 
and interchain entanglement between long PSS chains exist within the PEDOT:PSS structure 
and must be balanced to allow for the formation of a water stable hydrogel network. They 
found that the swelling ratio of the PEDOT:PSS hydrogel was affected by the concentration of 
DMSO in the solution. An increase in the swelling ratio was observed with an increase in 
DMSO concentration up to 20%. After which a decrease was observed in the swelling ratio. 
Moreover, the hydrogel was observed to exhibit higher swelling in deionised water than in 
PBS, attributed to the ionic strength of PBS. The swelling properties could be tuned by 
mechanical constraints during the dry annealing process. The hydrogels were also observed to 
have Youngs moduli in the range of 2-10 MPa. These values were lower in deionised water (1-
5 MPa) when compared to PBS a result of the higher swelling ratio and equilibrium water 
content of the hydrogels in water than in PBS The results also showed the hydrogels were 
highly conductive with conductivity of 20 Scm-1 in PBS and 40 Scm-1 in water. They suggested 
that the combination of the properties of the PEDOT:PSS hydrogel make it an ideal candidate 
for next generation bioelectronics devices (Lu et al 2019) 
 
2.3.2 Current Approaches  
 
A number of approaches exist for synthesising electroactive hydrogels. All these approaches 
aim to achieve a seamless integration of an electroactive polymer within a hydrogel. In studying 
the ways in which electroactive hydrogels are synthesised, the nature of the final hydrogel 
blend is important and can vary depending on the approach used. Based on this, the formation 
of the electroactive hydrogels can be divided into the following, depending on their 
preparation; co-polymeric hydrogels, semi-interpenetrating networks and interpenetrating 
networks. A co-polymeric hydrogel comprises of two monomers, one of which is usually 
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hydrophilic. A block co-polymer is usually the result of this approach (Ullah et al. 2015). The 
fabrication route for these hydrogels generally follows a graft reaction, whereby the polymer 
is grafted onto the hydrogel backbone. A semi-interpenetrating network results when a linear 
polymer penetrates the network of a second cross-linked polymer without any chemical bonds 
existing between them. These systems are advantageous because they keep rapid stimuli 
responses while adding benefits such as improved pore size or controlled drug release (Ullah 
et al. 2015).  Interpenetrating networks (IPN) are intricate combination of two polymers of 
which at least one if synthesised in the presence of the other. IPNs provide an answer to 
thermodynamic incompatibilities that arise because of permanent interlocking between 
network segments. They result in the seamless integration of two dissimilar polymers with 
desired properties. This is key in realising the true benefits of the composite materials formed 
in electroactive hydrogels (Ullah et al. 2015, Goding et al. 2017). Wang et al. (2019) fabricated 
an IPN conducting hydrogel for neural electrode coatings; using poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) coated multi-walled carbon 
nanotubes (MWCNTs) and alginate. Their approach was a combination of chemical synthesis 
and electrodeposition. The hydrogel formed retained the biocompatible and soft properties of 
the alginate, whilst incorporating the electrically conductive properties of PEDOT:PSS and 
MWCNTs.  
 
Figure 2.4 Schematic showing the sub-classification of electroactive hydrogels based on 
the method of preparation/formation 
IPN
• One polymer polymerised in the presence of the other resulting in 
physical entanglement 
• E.g PEDOT polymerised in the presence of PAA hydrogel
Semi-IPN
• A linear polymer penetrates a crosslinked polymer network with no 
chemical bond formation 
• E.g Infiltration of PVA hydrogel with PANi
Co-polymer
• Two monomers grafted onto each other resulting in copolymer 
formation 
• E.g PEG-poly(ε-caprolactone)-PEG copolymer
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There are two major ways to synthesise electroactive hydrogels, electrochemical deposition 
and chemical synthesis. Chemical synthesis includes using a number of chemical means to 
form a conducting polymer within a hydrogel; this can include using photopolymerization 
(McGann et al. 2016), graft reactions (Zhao et al. 2015), or simultaneous polymerization of a 
hydrogel and conducting polymer to give an electroactive hydrogel. Electrochemical 
deposition includes using electrochemical techniques to polymerize a conducting polymer 
within a hydrogel (Goding et al. 2017). These are two broad ways in which EAHs are formed, 
however, most researchers use a combination of these processes to fabricate electroactive 
hydrogels. 
The approach used in synthesising an electroactive hydrogel is often dependent on the final 
application or the potential application of the hydrogel. This is seen in most EAHs for wound 
healing being synthesised chemically and most EAHs for neural electrode coatings being 
synthesised by electrochemical deposition.  Most times, the hydrogel component is synthesised 
chemically, either via a graft reaction, the formation of a Schiff base, or photopolymerization 
or the combination of two or more reactions. The electroactive component however, is 
synthesised via either chemical means including chemical oxidative polymerisation and graft 
reactions or via electrodeposition using galvanometric or potentiodynamic means.  
In addition to the synthetic routes that exist, microfabrication techniques have come into the 
limelight for the fabrication of EAH’s. These techniques include processes such as 3D printing, 
inkjet printing. Some of the main advantages of these techniques are, their ability to impart 
complex architectures into hydrogel structures and their relative ease of use and assembly. The 
general approach employed is to form hydrogel inks of the electroactive polymer and the 
hydrogel of choice and proceed to print the desired structure (Robinson et al. 2015). The inks 
can either be extruded, as in the case of 3D printing, or deposited, as in the case of inkjet 
printing. The most important factor in these microfabrication techniques is the “printability” of 
the hydrogel and polymer inks. Thus the main focus of many researchers is in developing 
hydrogel inks which are printable and also maintain their inherent properties. Achieving this 
goal, opens up many prospective ways to assemble and fabricate biologically responsive EAHs 
with ease and reproducibility (Walker et al. 2019).  
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2.3.2.1 Chemical Synthesis  
Chemical polymerization is one of the oldest ways to synthesise electroactive and 
conducting polymers and is common in fabricating synthetic EAHs. With this approach, a 
conducting polymer is polymerized and dispersed in the hydrogel solution before cross-linking. 
The cross-linked hydrogel is then formed by radical polymerization of the monomer of choice 
in the presence of an initiator or by physical means, a schematic of this is depicted in Figure 
2.5. There are a number of reasons to use chemical polymerization to make an EAH. Some of 
these include either when the electroactive polymer is novel, or if the chemical reaction is 
complex. In such instances, it is easier to use chemical polymerisation to form the polymer and 
subsequently disperse the polymer within the hydrogel (Pairatwachapun et al. 2016, Smirnov 
et al. 2016, Wu et al. 2016). This approach is also favoured for the synthesis of hydrogels 
embedded with nanoparticles of electroactive polymers (Wan Li et al. 2015, Pérez-Martínez et 
al. 2016), graphene (Sayyar et al. 2015, Tungkavet et al. 2015), or redox species (Martinez et 
al. 2016) and the loading of polymers and polymer nanoparticles with active pharmaceutical 
ingredients (API’s) (Danying Zhang 2015, Mongkolkitikul et al. 2018).  Some of the different 
chemical synthetic route are discussed below. 
 
Figure 2.5 Representative image of the general approach used in the incorporation of an 
electroactive polymer through chemical means which include mixing the hydrogel and polymer 
together and allowing one component crosslink or form in the presence of the other resulting 
in a hydrogel which most times is not homogenous. 
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              Graft Reaction 
A graft reaction between polymers is a process of bonding two or more monomers and 
polymerizing one onto the backbone of the main polymer. This is an attractive way to modify 
polymers by grafting on a polymer with desired functional groups onto another polymer 
(Sherazi 2015). In most cases, when fabricating electroactive hydrogels, the monomer of the 
conducting polymer is grafted to the backbone of the hydrogel and subsequently polymerised. 
This is a convenient way to add a conducting polymer to the desired hydrogel and many 
researchers employ this method for fabricating their EAHs (Longchao Li et al. 2015, Zhao et 
al. 2015, Dong et al. 2016, Smirnov et al. 2016, Prusty and Swain 2019, Qu et al. 2019). 
Polymers containing amine groups are commonly used in graft reactions owing to the 
reactivity of the amine functionality. Oligomers and tetramers of aniline are one of the more 
popular conducting polymers grafted onto hydrogels. These materials can be cleared out of the 
human system by natural means and maintain the electroactive properties of their parent 
polyaniline polymer. Aniline oligomers and tetramers easily form Schiff bases due to the 
presence of the amine functionality on the parent molecule. The formation of a Schiff base can 
occur under mild conditions, which is favourable for EAHs fabricated for use as injectable 
hydrogels in wound healing applications. As a result, hydrogels with Schiff base linkages tend 
to exhibit thermogelling properties (Longchao Li et al. 2015, Wang et al. 2015, Dong et al. 
2016, Zhao et al. 2017, Qu et al. 2019).  
Zhao et al reported synthesising a single component co-polymer, electroactive hydrogel 
using graft polymerization. The hydrogel was a poly(caprolactone)-poly(ethylene glycol)-
poly(caprolactone)-graft-aniline tetramer copolymer (PCEC-AT). They synthesised their 
hydrogel with the aim of fabricating an injectable hydrogel for use in tissue engineering. A 
two-step synthesis of PCEC-AT began with a ring opening polymerization of Ɛ-
polycaprolactone initiated by PEG. Subsequently different ratios of priory prepared aniline 
tetramer were grafted to the terminal hydroxyl groups of the PCEC by esterification reaction 
with DCC acting as dehydrant and 4-dimethylaminopyridine (DMAP) as a catalyst.  
The hydrogel showed favourable electrochemical properties, which were confirmed using 
UV-vis spectroscopy and CV. The PCEC-AT polymers showed thermoresponsive properties, 
forming hydrogels when dissolved in PBS and the temperature increased to 37 °C. This 
physical cross-linking initiated by an increase in temperature is a result of micelle packing 
driven by hydrophobic interactions and partial crystallization of PC blocks. The PCEC-AT 
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hydrogels showed favourable cytotoxicity properties when tested against C2C12 myoblasts 
suggesting biocompatibility of the hydrogel composite to the cell line (Zhao et al. 2015) 
Although injectable hydrogels are often synthesised via graft reactions, the applications 
associated with the graft reaction is not limited to injectable hydrogels. Huang et al reported 
the synthesis of a conducting hydrogel comprising of tetraaniline and poly(vinyl alcohol) 
reinforced by supramolecular nanofibers. The conductive hydrogels were semi-IPNs and had 
a total swelling capacity of approximately 91-94 wt. %. The presence of self-assembling 
sorbitol derivates allowed for the in situ formation supramolecular nanofibers within the PVA-
TA hydrogels. The electroactivity of the hydrogel was analysed using UV-vis spectroscopy 
and CV. From their results, they concluded that the introduction of nanofibers did not adversely 
affect the electrical properties of the conductive hydrogel. They also suggested that the 
hydrogel could be used for soft tissue engineering applications and biosensors (Huang et al. 
2014) 
 
In-situ Chemical Polymerization 
For most EAHs synthesised via chemical polymerization alone, the conducting polymer is 
synthesised first via traditional means, dispersed in a solution of the linear form or the monomer 
of the hydrogel, and subsequently, the hydrogel is polymerised or cross-linked. Alternatively, 
the hydrogel is synthesised first and the swelled with the monomer of the electroactive polymer. 
This is then polymerised via chemical polymerisation techniques.  
Smirnov et al synthesised a PAAm copoly(aniline-p-phenylenediamine) (pPhDA) hydrogel 
via chemical polymerisation of the respective components.. PANi and pPhDA were 
synthesised via chemical oxidative polymerization in the presence of PAAm. The hydrogel 
underwent physical cross-linking during the chemical polymerization process resulting in a 
semi-IPN. They recorded that their hydrogel had the ability to hold between 16-23 gg-1 water 
weights. UV-vis spectroscopy and CV were used to confirm the electroactivity of the hydrogel. 
As their material was synthesised with the aim of studying its capacitance properties, they 
carried out cycling studies and found it to have a maximum capacitance of 364 Fg-1 with a 
current density of 0.2 A g-1 (Smirnov et al. 2016).  
Pérez-Martínez at el used chemical polymerisation to synthesise EAHs loaded with 
amoxicillin for use as an electrically controlled drug delivery system. PANI was chemically 
polymerized via chemical oxidative polymerization. Amoxicillin was allowed to diffuse into a 
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dispersion of the synthesised PANi. Subsequently, the loaded PANi was added to the PAAm 
pre hydrogel solution containing an accelerator and an initiator at 3 °C leading to the formation 
of a semi-IPN. Gelation occurred once the mixture temperature was raised to room temperature. 
They investigated the drug release from the EAH via electrical stimuli and observed that the 
amoxicillin showed an “ON-OFF” release profile in response to the electrical stimuli. They 
also observed that the drug did not spontaneously release from the hydrogel, which they 
attributed to the loading of the drug into PANi (Pérez-Martínez et al. 2016).  
 
Chemical Modification  
Chemical modification of the parent conducting polymer or the hydrogel is an approach 
some researchers have employed to counteract the problem of the conducting polymer leaching 
out of the hydrogel network. Chemical modifications can be made to the hydrogel component 
to make it charged or to the electroactive polymer component making it directly cross linkable 
with the hydrogel (Li et al. 2016, Mawad et al. 2016). The theory behind chemically modifying 
these materials is that chemical modification allows for better tuning and control of the 
hydrogel properties which is difficult to obtain via other approach (Abd El-Aziz et al. 2018).  
Mawad et al worked on an electro-conductive hydrogel based on functionalised PEDOT 
with pendant carboxyl groups. The synthesis of their co-polymeric electro-conductive hydrogel 
included a number of steps first to functionalise the PEDOT, then to introduce a double bond 
side chain and finally to cross-link it into a hydrogel. In functionalising PEDOT, the monomer 
EDOT underwent a reaction in THF with potassium iodide, sodium hydride and methyl-3-
bromopriopronate. The product formed EDOT-COOH3 then underwent chemical oxidative 
polymerization using FeCl3 as an oxidant giving PEDOT-COOH as the product. To form a 
double bond on the PECOT-COOH, the polymer underwent a reaction with N-(3-aminopropyl) 
methacrylamide hydrochloride with the aid of N-(3-(dimethylamino)propyl)-
N’ethylcarbodiimide hydrochloride. Finally, the fully functionalised PEDOT was 
copolymerised with acrylic acid using poly(ethylene glycol diacrylate) as a cross-linker and 
2,2’-azobis(2-methyl-proprionitrile) as an initiator. CV showed good redox activity of the 
formed hydrogel. Swelling studies indicated that the hydrogel could hold up to ~5000 % of 
water. The high water uptake is advantageous as it means efficient mass transfer, which is 
necessary for good cell proliferation and tissue formation. They also carried out in vitro studies, 
which showed that C2C12 cells grew on both their doped and undoped hydrogels and the 
hydrogels supported differentiation of cells (Mawad et al. 2016). 





Photo cross-linked polymers have existed for a long time. The use of photo cross-linking 
for hydrogels specifically for biomedical applications has received attention due to the ease of 
fabrication and the ability to easily adjust and tune the desired properties of the hydrogels 
formed (Lin Zhang et al. 2014). In recent times, researchers have investigated 
photopolymerization as a way to synthesise electroactive and conductive hydrogels and have 
seen promising results. For the synthesis of hydrogels, reactions with mild conditions are 
preferred as this usually means a more biocompatible product. As such, click chemistry is one 
of the more popular approaches for hydrogel formation (Iha et al. 2009, Russo et al. 2016) and 
it can be employed with photopolymerization. Most EAHs synthesised with this approach 
undergo a two-step process i.e photopolymerization is not used as a stand-alone approach and 
is either combined with chemical or electrochemical synthesis. The electroactive or conducting 
polymer is chemically or electrochemically synthesised and introduced into a pre-hydrogel 
solution, which is then cured under UV light to form an electroactive hydrogel.  This approach 
is favoured for the in situ formation of hydrogels and gives better spatiotemporal control (Lingli 
Li et al. 2018). One of the drawbacks of hydrogels is their lack of processibility once formed. 
Photo cross-linking is a way to combat this problem as the pre-hydrogel solution is processed 
prior to photo cross-linking. Many options exist when this synthetic approach is used. The 
electroactive polymer can be functionalised to introduce functional groups able to undergo 
photopolymerization. This results in a material able to undergo cross-linking directly with an 
appropriate hydrogel (Kotanen et al. 2018). Another method is to synthesise the electroactive 
component and disperse in a pre-hydrogel solution and photopolymerize the hydrogel. This 
approach is seen in the fabrication of electrode or biosensors. The electroactive component is 
fabricated onto the desired substrate and subsequently the substrate is dipped in the pre 
hydrogel solution and exposed to UV light to initiate photopolymerization (Mulla et al. 2015, 
Castagnola et al. 2016). Moulds or 3D printed scaffolds are employed in making electroactive 
scaffolds using photopolymerization. The electroactive component is either immersed in the 
pre hydrogel solution pre photopolymerization (Wu et al. 2017). An alternative to this, is 
forming the hydrogel via photopolymerization, equilibrating the formed hydrogel in the 
monomer solution, and subsequently initiating polymerization by some physical means (Kim 
et al. 2016).   
Literature Review  Electroactive Hydrogels 
33 
 
Kishi et al reported the synthesis of a double network hydrogel consisting of PSS PEDOT 
and poly(N,N-dimethyl acrylamide) (PDMAAm). The two networks of the hydrogel were an 
ionic PSS and a neutral PDMAAm. The synthesis took place in two steps, both induced by 
photopolymerization. A first of poly(4-styrenesulphonic acid sodium salt) (PNaSS) layer was 
photopolymerized from a solution of  4-styrenesulphonic acid sodium salt (NaSS), MBAAm 
as a cross-linking co-monomer and  2-oxoglutaric acid (OGA) as a cross-linker under UV light 
at 365 nm for 5 hours at room temperature. The PNaSS layer, and a solution of DMAAm were 
combined together for over 15 hours under an argon atmosphere and underwent 
photopolymerization in a glass container for 10 hours. EDOT was synthesised in the presence 
of the hydrogel via chemical oxidative polymerization. The hydrogel was immersed in a 
solution containing the monomer, catalyst and solvent, left to swell at 10 °C. An increase in 
the temperature to 25 °C started the polymerization process. They measured the conductivity 
of the hydrogel using a 4-point probe and observed conductivity values of above 1 S cm−1.  The 
water content of the swollen hydrogels indicated that the presence of the PEDOT did not have 
an adverse effect on its water holding capacity. The hydrogel synthesised by Kishi et al formed 
an IPN and showed promise in a number of areas, such as its mechanical performance having 
a young modulus of 3 MPa and a fracture stress of 2 MPa (Kishi et al. 2014). 
Highly conductive PEG based hydrogels reported by Kim et al were synthesised via 
photopolymerization. Using a two-step approach, they synthesise in-situ PEDOT within a PSS 
containing PEG-DA. PEG-DA hydrogel was photopolymerized under UV light at 365 nm for 
5 minutes from a solution containing PEG-DA, PSS and 2-hydroxy-2-methylpropiophenone 
(HOMPP). Following this, the hydrogel was immersed in a solution of the monomer containing 
Fe-tosylate and sulphuric acid (H2SO4) for 3 hours, after which the polymerization was initiated 
via sonication. The reaction proceeded for two days resulting in a highly conductive hydrogel 
with a semi-IPN of the various components. Using a four-point probe, they reported 
conductivity values ranging from 5.11×10−4 S to 1.69×10−2 S depending on the composition of 
the hydrogel i.e. if it contained PSS and if treated with H2SO4. They reported the possibility of 
tuning the conductivity of their hydrogel to fall within the range of conductivity for intracellular 
and extracellular tissue. They reported equilibrium water content of the swollen hydrogel to be 
85 ± 2% and compressive modulus to be 21±4 kPa. Ideal qualities for its main application in 
tissue engineering. Cell studies on H9C2 myocytes, electro responsive cells, showed that 
although the hydrogel did not support cell adhesion owing to the non-adhesiveness of PEG, 
treating the surface with arginylglycylaspartic acid (RGD) peptide resulted in cell adhesion. 
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The results also showed that the hydrogel was not cytotoxic and did not repress cell 
proliferation (Kim et al. 2016) 
 
2.3.2.2 Electrodeposition  
Electrodeposition is often is used in conjunction with another method of synthesis, this is 
due to the fact most hydrogels cannot be directly formed via electrodeposition. As a result, the 
hydrogel might be synthesised via some chemical means or photo cross-linking and the 
electroactive component introduced via electrodeposition. This approach is used in the design 
of numerous systems from drug delivery to biosensors to electrode coatings (Cheong et al. 
2014, Shi et al. 2014, Castagnola et al. 2016, Boehler et al. 2017, Kleber et al. 2017, Wang et 
al. 2019). As with chemical synthesis, the aim is to fabricate an electroactive hydrogel with an 
interpenetrating network (Goding et al. 2017). Electrodeposition is more popular in 
combination with photopolymerization because it is easy to coat the electrodeposited 
conducting polymer with the pre hydrogel solution for photopolymerization. It is also easier to 
use a layer-by-layer approach when electrodeposition is used. Layer-by-layer is known to be a 
versatile approach for controlling the formation of EAHs (Kotanen et al. 2018). PEDOT is a 
popular electroactive polymer used in this approach, especially when the final application of 
the hydrogel is use as electrode coating of some sort. This can be attributed to its ease of 
polymerization and its electrochemical stability (Kleber et al. 2017). It is also seen to reduce 
the impedance of electrodes when compared to bare electrodes (Goding et al. 2017, Wang et 
al. 2019).  




Figure 2.7 Representative image of the general approach used in the incorporation of an 
electroactive polymer through electrochemical means which include polymerising the polymer 
onto an electrode surface and coating the polymer with a thin layer of a hydrogel, resulting in 
a hydrogel coating an electroactive polymer but not a true network of a polymer through the 
hydrogel structure . 
Other researchers have investigated ways to achieve interpenetrating networks, IPNs using 
electrodeposition and chemical modification. Goding et al working with chemically modified 
PVA sought to achieve this. Modifying PVA took place over a series of three chemical 
reactions. The modification of the PVA molecule allowed for the incorporation of a number of 
functionalities and properties. Methacrylate groups were introduced using 2-
isocyanoethylmethacrylate allowed the PVA to be photo cross-linked. Sulfonic acid groups 
were introduced to act as doping agent’s using a two-step reaction involving the carboxylation 
of the PVA followed by the conjugation of the carboxylated PVA with taurine. Introducing the 
conductive component of the hydrogel was a four-step process. A pre conducting polymer layer 
of PEDOT p-toluenesulfonate (pTS) was deposited electrochemically onto a platinum 
electrode. The electrode was then dipped in a solution of the functionalised PVA containing 
the initiator and photopolymerized under UV light for 3 minutes. Finally, electrodeposition of 
a second layer of PEDOT took place on the coated electrode from a solution of EDOT. An 
electrochemical study using cyclic voltammetry revealed that the hydrogels kept between 50% 
and 90% of their original charge density capacity which is comparable to the 50% of 
PEDOT:pTS films. The swelling properties of the conductive hydrogels revealed that with an 
increase in PEDOT, there was a corresponding decrease in swelling ratio as is typical with 
EAHs. Cell culture studies carried out on astrocyte and microglia cells showed that in 
comparison to the state of the art platinum electrodes, there was higher cell coverage on the 
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conducting hydrogel. Indicating cytocompatibility of cells to the synthesised conducting 
hydrogel (Goding et al. 2017).   
Electrodeposition of polypyrrole within a xanthan hydrogel was investigated by Bueno et 
al. They reported that the hydrogel fabricated was ideal for use as a scaffold for tissue 
engineering. It had favourable proliferation and adhesion properties. To achieve this hybrid 
material comprising of an IPN, they prepared the hydrogel films first using thermal cross-
linking. The hydrogel was deposited onto an indium tin oxide (ITO) coated class slide. This 
acted as the working electrode in a three-electrode electrochemical cell set up containing the 
monomer pyrrole and an electrolyte. Pyrrole was subsequently electrodeposited on the xanthan 
films. There was no need to dope the synthesised pyrrole as the negative charges on the xanthan 
acted as a doping agent. They carried out potentiodynamic studies to confirm the electroactivity 
of the fabricated hydrogel. The EAH showed favourable swelling properties even with the 
presence of pyrrole. Following the fabrication of the EAH, they carried out cell culture studies 
and observed that in the presence of an electromagnetic field, cell proliferation was stimulated. 
They also concluded that the rough surface of the hydrogel formed made them better scaffolds 
for the adhesion and proliferation of fibroblasts (Bueno et al. 2015). 
While most hydrogels cannot be synthesised via electrodeposition, pH responsive natural 
hydrogels are an exception and can be electrodeposited via neutralisation mechanisms. 
Chitosan and alginate are the two main hydrogels which have been investigated via this 
method. (Cheong and Zhitomirsky 2008, Jiang et al. 2010, Cheng et al. 2011, Gray et al. 2012, 
Márquez-Maqueda et al. 2016, Song et al. 2016). The ability to electrochemically deposit these 
hydrogels onto electrodes presents new opportunities for the modification of neural interfaces 
with electroactive hydrogels as it cuts down on the synthetic steps required and can lead to 
better integration as the reactions may occur in a “one pot” set-up. Wang et al used this 
approach to facilitate the electrodeposition of alginate with PEDOT/PSS coated MWCNTs to 
make IPN electroactive hydrogels for use as neural interfaces. Their rationale was that the 
conventional ways of fabricating EAHs results in the electroactive component being 
concentrated on the surface of the electrode, giving rise to a loss of electroactivity throughout 
the system. There were three steps in fabricating the hydrogel. The first was the electrochemical 
deposition of a first layer of PEDOT/PSS onto a neural electrode from a solution of aqueous 
EDOT monomer and PSS. Prior to this PEDOT/PSS coated MWCNTs, were mixed with 
alginate solution for electrodeposition. Based on the electrochemical decomposition of water, 
which is a result of the pH decrease at the anode, the conductive alginic acid hydrogel was 
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electrochemically deposited from a solution of alginate and the PEDOT/PSS coated MWCNTs 
at a constant potential of 1.5 V for 2 seconds. PEDOT/PSS was incorporated into the hydrogel 
electrochemically by applying a constant potential over predetermined periods. 
Electrochemical characterization of the hydrogel using electrochemical impedance 
spectroscopy and cyclic voltammetry revealed that the impedance of the neural electrodes 
reduced when coated with the composite electroactive hydrogel. In addition, they also found 
an increase in charge density when comparing the alginate/PCNT-PEDOT/PSS to 
alginate/CNT-PEDOT/PSS. Cell cultures studies on human neuroblastoma SH-SY5Y cells 
showed that the cells and neurites grew evenly on the composite material. This suggested the 
composite material promoted cell adhesion and neurite growth of SH-SY5Y cells. In addition 
to these, they investigated the physiological recording properties of the composite material by 
incorporating it to a modified electrode array, which they implanted into the brain of an adult 
male Sprague-Dawley rat. Results suggested that the composite material was beneficial in 
reducing the noise floor and the data acquired (Wang et al. 2019).  
 
2.3.2.4 3D Printing 
3D printing falls under the broad umbrella of additive manufacturing and is comprised of 
many techniques such as inkjet printing, syringe based printing and photolithography.  3D 
printing techniques have emerged as another route to fabricating electroactive hydrogels 
because it is possible to fabricate complex 3D structures, which would otherwise be 
challenging to achieve via traditional moulding methods. 3D printing also allows for a quicker 
turnover time when compared to other moulding techniques, which could potentially lead to 
reduces production time in a manufacturing setting. Because hydrogels are similar in 
mechanical properties to mammalian tissue, it is no surprise that their use in printing has been 
widely investigated in recent decades. Particularly in fabricating flexible electronics and 
electroactive tissue engineering, because it is possible to exert precise control over the 
geometry and spatial arrangement of the resulting structure (Walker et al. 2019). For examples, 
in fabricating biosensors, where an analyte binds to a conductive material and elicits a change 
in electrical properties, the biosensor design required is often complex to achieve. However, 
with the aid of 3D printing, the need for expensive equipment is removed, and the complex 
patterns can be formed at a reduced time and low cost. 
The different types of 3D printing, have associated advantages which make them attractive 
to researchers. Syringe based printing for example, typically extrusion based, is attractive 
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because of its simplicity, relative low cost of manufacturing and it’s compatibility with 
different materials. It has a fabrication speed of 700 mm s-1 – 10 μm s-1, a printing resolution 
of 200-1000 μm and can print hydrogel inks of 6 – 30 × 107 cps (Billiet et al. 2014, Melchels 
et al. 2014, Gao et al. 2015, Hölzl et al. 2016). These properties, especially the wide range of 
viscosity printable, makes it one of the most investigated methods for bio-printing (Visser et 
al. 2013, Van Hoorick et al. 2019). Photolithography is particularly advantageous for materials 
which are photo-cross-linkable and has the advantage of being nozzle free, eliminating nozzle 
associated issues such as clogging. It has a fabrication speed of 1000 mm s-1, a printing 
resolution of 25-50 μm and is typically used for solid/semi solid hydrogel precursors, whereby 
the light source is used to cross-link desired portions of the hydrogel (Zhou et al. 2016, Lim et 
al. 2018, Zhu et al. 2018). However, this method can only be used on materials which are 
sensitive to photo cross-linking, limiting the materials which may be used. Inkjet printing has 
the advantages of speed, precision and low risk of contamination, making it ideal for building 
layered scaffolds and incorporating other materials such as cells or electroactive components 
into the inks prior to printing. It has a fabrication speed of 100,000 droplets s-1, a printing 
resolution of 10-50 μm and can print hydrogel inks of < 10 cps. (Calvert 2001, Kim et al. 2010, 
Hoch et al. 2013, Saunders and Derby 2014, Jia Li et al. 2015, Hölzl et al. 2016). The different 
advantages associated with each of these 3D printing methods make them highly attractive for 
fabricating electroactive hydrogels with specific architecture.  
Dong et al, utilised 3D printing to fabricate electroactive scaffolds from aniline tetramer-
grafted-polyethylenimine (AT-PEI). They employed the use of a syringe extrusion based 3D 
printer to carry out their work. To create a suitable bio-ink, they lyophilised the AT-PEI 
polymer and added it to a solution of Pluronic F127. Pluronic F127 hydrogels are commonly 
used in bio-printing owing to their fast gelation time and viscoelastic properties (Gioffredi et 
al. 2016). Subsequently they lyophilised the solution and solubilised the resulting product in 
varying volumes of water. These were loaded into the 3D printer and printed according to the 
following parameters; nozzle diameter 0.41 mm, path height 0.6 mm, path width 0.4 mm, print 
speed 5.0 mm s-1, and deposition rate 0.004 mm mm-1. By utilising 3D printing into their 
fabrication technique, they could not only design an internal 3D structure for their scaffold, but 
they were able to preserve the integrity of it during printing. They saw excellently defined 
structures for all the scaffolds printed with their hydrogel inks and significant improvements in 
conductivity. They reported that their F/AT-PEI hydrogels exhibited conductivities higher than 
2.0 × 10-3 S cm-1 which was an improvement from just 0.94 × 10-3 S cm-1 obtained for F127 
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hydrogel scaffolds. The conductivity of the printed F/AT-PEI hydrogels was deemed suitable 
to stimulate cell differentiation and proliferation without cytotoxicity, making it a potential 
approach for fabricating scaffolds for tissue engineering (Dong et al. 2017).  
Heo et al reported a printable conductive hydrogel made from PEDOT:PSS, using a stereo 
lithography (SLA) 3D printing system. Computer aided design (CAD) based models were 
designed with square pores with varying fibre spacing of 500, 600 and 800 μm. The bio-ink 
was obtained by first lyophilising as obtained PEDOT:PSS solution. Subsequently, the solid 
PEDOT:PSS was dissolved in a solution of distilled water, ethylene glycol and PEGDA 
containing photo-initiator [bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (BAPO). To 
print the hydrogels, they utilised a Solidoodle® 3D printer platform equipped with X-Y-Z 
controlled UV-laser. The hydrogel was deposited onto the Z movable platform and printed by 
UV laser exposure. Printing parameter employed were 200 μm diameter laser spot, 355 nm UV 
wavelength, 20 μJ intensity at 15 kHz and 8 mm s-1. They observed that hydrogels printed with 
PEDOT:PSS exhibited better resolution, maintaining pre-designed open pore geometry when 
compared to hydrogels printed without PEDOT:PSS. In addition, electrochemical properties of 
the hydrogels were seen to improve with increasing concentration of PEDOT:PSS, with the 
sheet resistance decreasing with increase in PEDOT:PSS in the hydrogel. They also reported 
that the conductive hydrogels showed minimal cytotoxicity when DRG cells where cultured 
directly on them, suggesting their potential use as electroactive scaffolds, and interfacial 
bioelectronics with the ability to regulate and stimulate cell behaviour (Heo et al. 2019).  
Similarly, Lanlan et al used inkjet printing to pattern a PANi hydrogel for the multiplex 
detection of glucose, lactate and triglyceride. Drop on demand printing was used to fabricate 
multiplex biosensors using a multi-nozzle three axis inkjet printing system. The hydrogel was 
printed in a layered approach from an aqueous solution of aniline (1.5 M), phytic acid (0.3 M) 
and ammonium persulfate (1.25 M). The solution of aniline and phytic acid were first printed 
onto the electrodes with 2.25 uL droplets, subsequently the ammonium persulfate (as an 
initiator) was printed with 0.75 uL drops onto the first layer. PANi hydrogels formed from the 
precursor within few minutes. PtNPs were formed on the hydrogel layer by the subsequent 
printing of chloroplatinic acid (0.05 M) and formic acid (6 M) with 5 ul droplets, to facilitate 
the electrochemical catalytic oxidation of hydrogen peroxide. Finally, the different enzyme 
solutions were printed onto the specified hydrogel film, with aqueous glutaraldehyde used to 
cross-link the enzyme with the hydrogel. The biosensor were fabricated with an overall print 
time of approximately 5 min, to print 32 sensor array containing 96 working electrodes. They 
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found that printed biosensors exhibited real time selectivity and high sensitivity with the limit 
of detection for the glucose, lactate and triglyceride printed biosensors were 0.02, 0.06 and 0.07 
mM, respectively (Lanlan Li et al. 2018). 
While there are many approaches which can be used in synthesising electroactive hydrogels, 
there are some issues which the literature highlighted. While most studies have indicated that 
an interpenetrating network is the approach that should be used in the formation of electroactive 
hydrogels, there is no clear method to determine if an IPN is formed. With most studies forming 
the conclusion intuitively based on the approach used in hydrogel fabrication. More 
importantly, when both chemical and electrochemical polymerisation are investigated as stand- 
alone approaches, there are still issues surrounding the incorporation of the electroactive 
polymer into the hydrogel. Some of these drawback are highlighted in Figure 2.7 below. 
Chemical polymerisation has the drawback of offering very limited control over the process of 
electroactive polymer incorporation, relying heavily on mixing. Resulting in situations 
whereby the EAH formed is an electroactive polymer coating a hydrogel network and not 
penetrating the hydrogel structure. Moreover, the studies that do look at modifying the hydrogel 
chemically are tedious and time consuming as illustrated by Mawad et al 2015.  
 
Figure 2.7 Identified limitations of the current approaches used in the chemical and 

















No control over 
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Electrochemical polymerisation, which is ideal for forming EAHs on electrode surfaces is 
limited by the fact that most electroactive polymers are only soluble in organic solvents, which 
degrade hydrogels. More importantly, what most researchers have called electrochemical 
polymerisation is really the electrodeposition of an electroactive polymer onto an electrode and 
the subsequent coating of the electroactive polymer with the hydrogel. The few studies that 
electrochemically polymerise through the hydrogel such as Goding et al 2017, do this from a 
low concentration aqueous monomer solution. Such a system can only be used with few 
electroactive polymers because of the solubility issue mentioned earlier. Studies carried out in 
aqueous systems have indicated that electropolymerisation in combination with chemical 
synthesis is the optimal method for forming IPNs as you electropolymerise one component in 
the presence of the other. In general it is favourable to chemically synthesise the hydrogel and 
electrochemically polymerise the electroactive polymer through the hydrogel structure, 
resulting in a physical entanglement of one component in the presence of the other forming the 
IPN. 
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Table 2.1 Table highlighting recent EAHs, their classification based on source, synthetic route, preparation and some of their key properties and their respective 
applications 
Material(s) Synthetic Route Source Preparation Impedance CSC 
Youngs 
Modulus 
Conductivity Application Ref. 
Alginate, PEDOT/PSS, 
MWCNTs 











Natural Semi-IPN N/A N/A 






















Chemical.  Additive 
DMSO Dry anealing, 
rehydration 
Synthetic N/A N/A 60 2 MPa 20-40 Scm-1 bioelectronic 




Synthetic IPN N/A N/A N/A N/A 
Drug 
delivery 
Kleber et  al 
2019 














Heo et al 2019 
chitosan, aniline oligomer 
chemical 
modification 
Natural Semi-IPN N/A N/A N/A 10-4 Scm-1 
neural tissue 
engineering 
Bagheri et al 
2019 










Natural Semi-IPN 281.2-261 kΩ N/A 
3.1 ± 0.2 kPa 
and 2.7 ± 
0.06 kPa 
electrical bias 
used on tissue 
electroactive 
biomaterial 








et al. 2018 





same for bare 
and modified 
electrode 
N/A N/A N/A Biosensor 










Synthetic IPN carried out N/A 8-374 kPa 13.5-23.1 Sm-1 
Bio-
interfacing 
Feing et al 
2018 
Chitosan, PAA, PPy, 
magnetite nanoparticles 
Chemical synthesis Mixed Semi-IPN N/A N/A N/A 10-13 Scm-1 N/A 
Abd El-Aziz et 
al. 2018 
QCSP, PEGS-FA 
PEGS graft FA via 
esterification,  
thermogelling 
Synthetic Co-polymer N/A N/A N/A 




Zhao et al. 
2017 
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 N/A N/A 20-110 MPa 













26.5 mC/cm2 N/A N/A 
Neural 
interface 






Synthetic IPN 47 - 235 Ω 







Goding et al. 
2017 
AT , PEI 
Chemical synthesis, 
3D Printing 
Synthetic N/A N/A N/A n/a > 2X10-3 
Electroactive 
scaffolds 
Dong et al. 
2017 
Poly(glycerol sebacate), AT Chemical synthesis Mixed Co-polymer N/A N/A 
1.5 to 75.5 
MPa 
1.4 x 10-6 to 8.5 
x 10-5 Scm-1 
Tissue 
engineering 
Wu et al. 2016 
Functionalised PEDOT, 
PMA 
Chemical synthesis , 
chemical 
modification 
Synthetic Co-polymer carried out N/A 














894 - 1120 Ω 
(sheet 
resistance) 
N/A 21 kPa 1.69 x 10-2 
Tissue 
engineering 




(graft reaction ), 
thermogelling 
Natural Co-polymer N/A N/A n/a 
2.29x10-3 - 
2.42X10-4  Sm-1 
Cell therapy, 
Tissue repair 
Dong et al. 
2016 













540.7 ± 70.3 
mC/cm2 










Synthetic Semi-IPN N/A N/A n/a 
1.3 x 10-3, 1.4 x 




Zhao et al. 
2015 
 




2.6 Conclusions and Recommendations 
The versatility of hydrogels and their respective properties makes these materials promising 
for a number of applications in the biomedical world. Their properties allow them to function 
in a number of in-vivo and in-vitro applications, which benefit from tuneable mechanical and 
swelling properties. In addition, incorporation of electroactive materials into hydrogels, leads 
to advanced cell proliferation, which is seen when biocompatibility and electroactivity are 
combined in a material. However, as with many smart materials, there are limitation that exist 
in the current strategies for the development of multifunctional electroactive hydrogels.  
Hydrogels, with tuneable properties often require long and tedious synthetic steps. It is thus 
difficult to create one hydrogel, which has mechanical and swelling properties, tuneable for 
wide a range of applications. The multicomponent nature of these tuneable hydrogels, makes 
them expensive to fabricate, and generally un-processable. In addition, to arrive at a truly 
multifunctional hydrogel, the hydrogel needs to have not only a range of tuneable properties, 
but also needs to be versatile for its use in biomedical applications. This means that the 
incorporation of other components such as proteins, cells, and electroactive or ionic polymers 
should be easily accessible and should not diminish the biocompatibility properties of the 
overall hydrogel. 
Each of the various approaches available to fabricate multifunctional hydrogels have 
limitations. Physically cross-linked hydrogels embedded with electroactive or conducting 
polymers often have limited functionality at physiological conditions. This is because the 
physical bonds are not strong enough to keep the electroactive or conducting component within 
the matrix of the hydrogel as it swells. As a result, the polymers seep out, which results in loss 
of efficiency of the material and poses biocompatibility issues. Traditional polymerization of 
an electroactive or conducting polymer within the hydrogel results in limited control over the 
distribution of the electroactive component through the hydrogel. As a result, structural 
inhomogeneity may exist through the materials. This has an adverse effect on the overall 
properties of these materials often leading to lowered responsivity from the materials. 
Research into fabrication methods to combat these problem thus far show that; using 
Michael type additions, in combination with photo cross-linking of synthetic hydrogels results 
in materials with easily tuneable properties. By employing photo cross-linking, spatiotemporal 
control is introduced in the synthetic step and allows for processing of the hydrogel prior to it 
becoming fully cross-linked. The Michael type additions are known to be fast, efficient, and 




make use of low costing materials, which is highly advantageous. To incorporate then an 
electroactive component, in-situ polymerisation of an electroactive polymer within a pre 
formed hydrogel matrix is most promising, as it offers better control of the polymer growth 
within the hydrogel matrix.  
 For future work, a hydrogel with properties, which allow it to be tuned for a wide variety 
of applications, and also allows for the fine and coarse tuning of mechanical and swelling 
properties would be advantageous and would bridge the existing gap in knowledge. Building 
on that development, a method to introduce uniformly the monomers of electroactive polymers 
within the hydrogel before polymerisation would allow for better control of the subsequent 
polymerisation. Alternatively, a two-step approach, which first introduces the monomer of the 
conducting polymer into a pre-hydrogel solution prior to cross-linking of the hydrogel, offers 
this same control of the polymerisation after hydrogel cross-linking. Both approaches would 
result in the in-situ polymerisation of the polymer within the hydrogel matrix and are able to 
maintain the properties of both components throughout the hydrogel. In addition, the hydrogel 
formed would be multifunctional, cost effective and have a range of tuneable properties 
modifiable for numerous applications. 
This section has looked into multifunctional electroactive hydrogels and the different 
approaches currently in use to fabricate these materials. Although challenges still exist in this 
area, there is much promise for these materials and the role they might play in the biomedical 
field. A change in the design and fabrication of these materials would open a new door into 
overcoming these challenges. The method of electropolymerisation had been identified as the 
optimal way owing to the ability to directly form onto an electrode surface and the potential to 
electrochemically grow from the surface through the hydrogel pores. However, because most 
electroactive polymers are only soluble in organic systems most studies with EAHs are carried 
out in aqueous systems. This presents a significant drawback as the process of electrochemical 
polymerisation within a hydrogel has been limited to only polymers soluble in water. However, 
by developing a method which allows for deposition from an organic solvent without 
comprising hydrogel integrity, a wider pool of electroactive polymers can be investigated for 
the formation of EAHs. This study looked into developing such a system. 
The literature also identified a gap in base synthetic hydrogels as being unable to support 
cell adhesion and proliferation without post formation modification of the hydrogel surface. 
Based on this finding, this study investigated the synthesis of hydrogels with tuneable 




mechanical and swelling properties which have the ability to support cell adhesion and 
proliferation.  
Overall the materials selected for the study and the methods employed were influenced by 
trends in the literature. PEDOT was selected as the electroactive polymer because of its 
exceptional electrochemical responses and biocompatibility, making it an ideal candidate for 
neural electrode coatings and controlled drug delivery. Thiolated polymers were used as the 
base polymer for the hydrogel fabrication due to their known biocompatibility and their ability 
to support cell adhesion and proliferation. The hydrogels were crosslinked in the presence of 
acrylic acid to improve the mechanical properties because of its biocompatibility and high 
concentration of hydrogel bonding. Hydrogels were synthesised using photopolymerization 
particularly because of the ability to process hydrogels made possible by this method. Finally 
electropolymerisation was used in forming the EAH because of the proposed applications, i.e. 
electrically stimulated drug delivery and neural application applications.  
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The fabrication of biocompatible, soft materials for cell culture and tissue engineering 
applications is an area, which has gained considerable interest over the decades (Feiner et al. 
2019). Hydrogels, with their three-dimensional (3D) hydrophilic nature, have received 
increased attention in recent years due to their inherent properties, which make them favourable 
for these biomedical applications. The ultimate goal for researchers in the field is to utilise the 
inherent properties of these materials to fabricate “smart” hydrogels, which are both responsive 
and possess readily tuneable properties. The result of achieving this is a system, which is able 
to mimic the in vivo microenvironment of tissue and cells in the human body. A system like 
this would possess properties such as, biocompatibility, elastic and mechanical properties 
similar to native tissue, and tuneable biochemical properties. This would result in a material, 
which would have a range of potential applications including cell cultures, tissue engineering, 
and even drug delivery systems.  
Cells in in vivo systems exist in a complex network of extracellular matrix (ECM), which is 
composed of insoluble macromolecules such as collagens, fibronectin, and laminins. These 
macromolecules not only provide structural support for cell attachment but also external cues 
to drive cell differentiation, migration and growth (Tong et al. 2016, Ishihara et al. 2020). In 
addition to insoluble ECM factors, cells are in constant contact with tissue specific soluble 
growth factors, which are also involved in cell survival, proliferation and terminal 
differentiation. Furthermore, tissue topology is essential for correct cellular function. Changes 
in micro-environmental features such as tissue stiffness have been attributed to disease 
progression, particularly in cases of cancer or other degenerative disorders such as glaucoma 
(Wang et al. 2017, Emon et al. 2018, Bauer et al. 2020, Liu et al. 2020). 
Hydrogels have been identified as customisable substrates suitable for 3D scaffold 
supported cell cultures. Hydrogels are 3D, hydrophilic polymers that have the ability to hold 
many times their weight in water. Thus making them similar to mammalian tissue in 
morphology. Their hydrophilic and soft nature makes them ideal candidates for cell culture 
studies and possible tissue engineering applications (Caliari and Burdick 2016, Chai et al. 
2017, Cao et al. 2019, Moore and West 2019, Hasturk et al. 2020). In addition, it is also 
possible to tune the biochemical and mechanical properties of hydrogels, which is an added 
advantage as these properties are known to influence cell behaviours (Hasturk et al. 2020, Ren 
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et al. 2020). For example, varying the stiffness of a substrate is known to alter stem-cell 
differentiation (Tong et al. 2016) and changing the proteins surrounding stem-cells can drive 
cells from being osteogenic to adipogenic lineages (Nii et al. 2013, Wang et al. 2013). The 
ability to control matrix stiffness is also advantageous while modelling diseased tissue where 
matrix stiffness exhibits the most alterations, for example in glaucoma or cancer (Wang et al. 
2017, Bauer et al. 2020, Liu et al. 2020)  
Tuneable hydrogels for cell culture models may be synthesized from naturally derived 
polymers or synthetically derived polymers. Naturally derived hydrogels are commonly 
studied for cell culture models owing to their general biocompatibility and cell adherence 
properties without any need for further modifications. However, they often display poor 
stability and mechanical properties and have limited room for modification. Additionally, 
because naturally derived hydrogels are potentially biologically active, they thereby reduce the 
control in the modelled environment and introduce experimental variations. Synthetic 
hydrogels are attractive alternatives for cell culture models as they possess properties which 
are reproducible and can be tailored or modified for specific cell types and applications (Moura 
et al. 2013). In addition, synthetic hydrogels unlike naturally derived hydrogels do not have 
any associated biological activity, therefore providing a more controlled experimental 
environment. Polyethylene glycol (PEG) and polyacrylamide-based hydrogels are two widely 
investigated synthetic hydrogels which have received attention owing to their tuneable 
mechanical properties. Although these hydrogel have shown that their mechanical properties 
are tuneable, they are both biologically inert and do not support cell adhesion and proliferation 
without additional modification to their surfaces with ECM proteins (Zahedi et al. 2017, Moore 
and West 2019). As such there is an undisputable need for biocompatible hydrogels that exhibit 
tuneable mechanical stiffness while simultaneously supporting cell adhesion and cell viability. 
Unlike PEG and polyacrylamide based hydrogels, thiolated hydrogels, such as PAA-Cys, 
(poly(acrylic acid)-cysteine) are another class of synthetic hydrogels with cysteine bearing 
molecules (Rydholm et al. 2008), which may be fabricated at low cost, have exceptional 
swelling abilities, are biocompatible and possess excellent adhesive properties. Pristine 
poly(acrylic acid) (PAA) although naturally biologically inert, once conjugated with cysteine 
(Cys) supports cell adhesion and exhibits excellent biocompatibility. These hydrogels however, 
have poor stability in aqueous solutions and begin to degrade after a few hours (Mani et al. 
2018). To address the limitations of its stability and potentially make its mechanical properties 
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tuneable, synthetic techniques, such as Michael type addition and photo cross-linking have 
been investigated (Niu et al. 2010, Cao et al. 2019) with thiol acrylate chemistry being explored 
as a method of hydrogel cross-linking. Thiol acrylate chemistry is a variation of thiol-ene 
chemistry, which utilizes the specific reaction between a thiol and an acrylate group, and can 
lead to the formation of hydrogels.  
This chapter, details a novel approach to the synthesis of stable PAA-Cys hydrogels with 
exceptional swelling properties and tuneable mechanical properties for 3D cell cultures for the 
use of modelling healthy or diseased tissues/organs. This is achieved by introducing acrylic 
acid as a co-polymeric unit into the PAA-Cys network followed by cross-linking via photo-
initiated thiol-acrylate reaction as seen in Scheme 3.1. This cross-linking chemistry is 
advantageous because it provides high level of spatiotemporal control, is insensitive to oxygen 
inhibition and occurs under mild pH and temperature (Malkoch et al. 2006, Lin et al. 2011, 
Raza and Lin 2013, McGann et al. 2016, Yom-Tov et al. 2016, Lingli Li et al. 2018). Reaction 
parameters were investigated to ascertain the effects they have on hydrogel properties. 
Mechanical properties and swelling behaviour were modified by adjusting the UV exposure 
time and the ratio of acrylic acid (AA) to PAA-Cys content. Compression testing and swelling 
studies were carried out to ascertain the degree to which these properties could be modified. 
Cell viability and proliferation studies using normal retina pigment epithelial (RPE1) cell lines 
were performed to ascertain the effect of co-polymer composition and hydrogel elasticity on 
cell adhesion and cell proliferation rates. Finally, the effects of incorporating a bioactive 
protein, collagen, into the hydrogels during cell culture studies were investigated. Collagen was 
selected as an active biomolecule due to its presence in RPE basal lamina and its known 
influence on cell proliferation and adhesion (Najafi et al. 2008, Somaiah et al. 2015). As such, 
its presence could potentially lead to better proliferation of the RPE1 cells on the hydrogels 
formed. The cell work was carried out by our collaborators at the University of Limerick  
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Poly (acrylic acid) (PAA, average molecular weight 450 kDa), acrylic acid, sodium 
hydroxide, and 2-hydroxy-4’-(hydroxyethoxy)-2-methylpriophenone (Irgacure® 2959), were 
purchased from Sigma Aldrich (Ireland).  L-cysteine hydrochloride (L-Cys.HCl) was 
purchased from Alfa Aesar and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) was 
purchased from Tokyo Chemical Industry (United Kingdom). Dulbecco’s Modified Eagles 
Medium (DMEM) D6421, Collagen, (C3867), 10% fetal bovine serum, 
1%penicillin/streptomycin, Hoechst 33342 (B2261) were purchased from Sigma Aldrich. 1% 
GlutaMAX (35050061) was purchased from ThermoFisher Scientific. Live/dead assay kit 
ab115347 was purchased from Abcam. All chemicals were used as purchased and all aqueous 
solutions were made up in deionised water and Milli-Q water for biological characterisation. 
 
3.2.2 Instrumentation 
Freeze Drying: All lyophilisation took place in a pilot scale freeze dryer (Severn Science 
LS 40).  Polymer lyophilisation ran on a cycle with 10 hours of freezing at – 30 °C and 1000 
mBar, primary drying for 24 hours at – 10 °C and 0.1 mBar and secondary drying for 2 hours 
at 20 °C. All other lyophilisation’s ran on a cycle with 5 hours of freezing at – 30 °C and 1000 
mBar, primary drying for 16 hours at – 5 °C and 0.1 mBar and secondary drying for 2 hours at 
20 °C. 
Photo Cross-linking: Photo cross-linking was carried out with a handheld dual wavelength 
UV lamp (UVP UVGL-55) at 365 nm and 6 W purchased from VWR (Ireland). The UV lamp 
was clamped on a retort stand for the duration of the experiments.  
Structural Characterisation: Structural characterisation of samples were confirmed via 
Fourier transform infrared (FTIR) spectroscopy and Nuclear magnetic resonance (NMR) 
spectroscopy. FTIR was used to assess the bulk characteristics of samples using a Nicolet iS50 
FTIR spectrometer. Attenuated total reflection (ATR) mode was used on all samples. No 
modifications were performed prior to analysis. 
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1H Nuclear magnetic resonance (NMR) spectra were obtained using a Joel ECX 400 MHz 
instrument at room temperature in deuterated solvents, and a Magritek Spinsolve 43 MHz in 
non-deuterated solvents. PAA-Cys polymers were prepared by dissolving in D2O at a 
concentration of 60 mg/ml and 16 scans, while PAA and Cysteine-HCl were prepared by 
dissolving 100 mg/ml in H2O and 4 scans each.  
Imaging: Images of the hydrogels were obtained via scanning electron microscopy (SEM). 
SEM images were obtained through a CarryScope JCM-5700 SEM, with an accelerating 
voltage of 5kV. Preliminary images of the polymers encapsulated within the hydrogels were 
obtained using an optical microscope. Images for the cell culture studies were obtained with 
ImageXpress Micro Confocal High Content Imaging system (Molecular Devices) 
Mechanical Testing: Mechanical testing in the form of compression studies were carried 
out on a Mecmesin MiltiTest-dV Tension and Compression Tester. A 19 mm steel plate and 
load cell of 100 N was utilised for all samples. Test results were obtained and processed via 
the VectorPro instrument control software. Results were obtained from the software as stress 
displacement data. 
 
3.2.3 Synthesis of Thiolated Poly (acrylic acid) 
The thiolated poly (acrylic acid) polymers was prepared using EDC amide coupling reaction 
of a carboxylic acid functionality to an amine functionality. The same procedure was used to 
make all batches of thiolated PAA. Approximately 1g of PAA (450 kDa) was dissolved in 
approximately 100 mL of water and the pH of the solution was adjusted to approximately pH 
5. EDC, 2 mL (in excess) was dissolved in 10 ml of water and the pH adjusted to approximately 
5.0 with 5 M sodium hydroxide (NaOH). The EDC solution was added slowly to the solution 
of PAA over 30 minutes. Approximately 1 g of cysteine·HCl was dissolved in water and the 
pH adjusted to approximately pH 4.5 with 5 M NaOH. The cysteine HCl solution was added 
to the solution of PAA and EDC over 10 minutes. The pH of the final solution was adjusted to 
5.5 with NaOH. The reaction solution was purged for approximately 1 minute with nitrogen 
gas. Following this, the reaction was covered and allowed to stir at room temperature for three 
hours. The solution was then dialysed using a Spectra/Por® membrane (MWCO:1200) at low 
acidic conditions. Dialysis took place five times, twice against 1mM HCl, twice against 1 mM 
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HCl and 1% NaCl and once against 0.2 mM HCl. On completion of the dialyses, the samples 
were freeze dried at reduced temperature and pressure. 
 
3.2.4 Structural Characterisation of Thiolated Polymer 
NMR and FTIR were used to assess and confirm the coupling reaction respectively. NMR 
analysis of the compounds were carried out in a 60 mg/ml solution of the thiolated polymer 
made in D2O, and a 100 mg/mL solution of the starting materials in D2O see Figure A1. FTIR 
was performed on the samples as prepared with no modification necessary. Spectra were 
obtained in Absorbance mode and from a range of 400 to 4000 wavenumber after 32 scans. 
The amount of thiol groups immobilised on the PAA backbone was determined via 
spectrophotometry using Ellmans’ assay. L-Cysteine HCl was used as to generate a calibration 
curve. 
 
3.2.5 Synthesis of thiolated Poly (acrylic acid) Hydrogels 
The thiolated hydrogels were prepared by cross-linking PAA-Cys with AA under UV light in 
the presence of a photo-initiator, Irgacure 2959. The ratios of the reactants are listed in Table 
3.. Unless stated otherwise the thiolated hydrogels were all made from a stock solution of PAA-
cys 2% (w/v) in deionised water. PAA-Cys dissolved in water was mixed with AA at 
predetermined ratios. Irgacure® 2959 was added to the solution, from a stock solution of 5% 
w/v in ethanol and water at a 1:1 ratio. For simplicity all ratio calculations are made relative to 
the PAA-Cys solution and their names abbreviated accordingly as PCA1, PCA4 and PCA7 
respectively. The solution was mixed using a Whirlmixer and an aliquot pipetted onto the 
desired substrates, 12-well cell culture plates for compression testing, 96-well cell cultures 
plates for cell studies, and acetate slides for swelling studies. The substrate was exposed to UV 
light at a wavelength of 365 nm for a predetermined time. After which the samples were stored 
until further use. 
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Table 3.1 Parameters for hydrogel synthesis. Three-hydrogel compositions, each with three 
different cross-linking times, resulting in a total of nine hydrogels synthesized. 












(PCA 4 ) 











3.2.6 Structural Characterisation of PAA-Cys Hydrogels  
SEM was used to determine the morphology of the hydrogels formed. SEM images were 
taken on samples, which had been swollen and subsequently lyophilized. Samples for SEM 
were mounted onto SEM stubs using double-sided carbon tape. Following this, the samples 
were sputtered with gold for approximately 45 seconds and were imaged under vacuum. FTIR 
using ATR was used to confirm the structure of the hydrogel to still be poly acrylic acid 
cysteine conjugate. Spectra were obtained in Absorbance mode and from a range of 400 to 
4000 wavenumber after 32 scans 
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3.2.7 Characterisation of Swelling Response of Hydrogels.  
The swelling behaviour of the hydrogels were determined by gravimetric analysis. 100 μL 
of the hydrogel precursor was pipetted onto a piece of acetate cut into a square. This was then 
exposed to UV light to cure for the predetermined time. The hydrogels formed on the substrate 
were weighed as prepared (Winitial) and subsequently immersed in a petri dish containing 
deionised water. At specific time intervals the swollen hydrogel disks were removed from the 
solution, excess solution was blotted out and the samples were weighed (Wwet). The swelling 
ratio at specific time intervals was calculated using the following relationship. 
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊𝑤𝑒𝑡 −𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑊𝑖𝑛𝑡𝑖𝑖𝑎𝑙
                              Equation 3.1 
 
3.2.8 Mechanical Characterisation of the Hydrogels  
To prepare samples for mechanical testing, an aliquot of approximately 1 ml of the hydrogel 
precursor was pipetted each into a well of a 12 well plate. The plates were then exposed to UV 
light for the predetermined times and allowed to cure. Following this, the samples were swollen 
in deionised water until equilibrium point before compression testing was carried out.  
Constrained compression testing took place using a 19 mm steel plate. Hydrogels were 
compressed directly in their respective wells via uniaxial compression carried out with a 100 
N load cell. Hydrogels were compressed at a strain rate of 0.8 mm/min until fracture. Force 
and displacement data collected with the instrument control software and converted into stress-
strain curves for analysis in Excel. 
 
3.2.9 In-Vitro Cell Study 
3.2.10.1 Hydrogel Preparation for Cell Culture   
PCA hydrogels for cell culture and cytotoxicity studies were cross-linked in 96-well plates. 
100 μL aliquots of the respective pre-cursor solutions were removed into 96-well culture plates 
and cross-linked under UV light for 10, 20 and 30 minutes. Following polymerization, the 
hydrogels were sterilized via UV exposure under sterile laminal flow hood conditions for 20 
minutes. Subsequently, hydrogels were swelled in either PBS or Collagen solution diluted with 
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PBS to a final concentration of 25 mg/mL for two hours at room temperature. Acidic by-
products produced during hydrogel polymerization were removed by washing the hydrogels 
three times with Dulbecco’s Modified Eagles Medium (DMEM) or DMEM containing 25 
mg/mL of Collagen for PBS or Collagen swelled conditions respectively.  
3.2.10.2 Cell Cultures 
Prior to seeding, Immortalized retina pigment epithelium cell line (RPE1) (CRL-4000, 
ATCC®) were cultured under normal cell culture conditions in DMEM supplemented with 
10% fetal bovine serum, 1% penicillin/streptomycin and 1% GlutaMAX at 37 °C and 5% CO2 
until reaching a density of 80%. Subsequently cells were trypsinzed, counted and diluted to 
20,000 cell/mL.  
Excess liquid after swelling was aspirated from the surface of the hydrogel, and 1 mL of 
normal RPE1 growth media containing 20,000 RPE1 cells were dispensed into each well. Cells 
seeded on hydrogels were cultured for 72 hours at 37 °C and 5% CO2 in DMEM normal culture 
media. In the control study, the same conditions were used, but no hydrogels were present in 
the wells.  
3.2.10.3 Proliferation, Cell Viability and Cytotoxicity 
After 72 hours of cell culturing, cell viability and proliferation were evaluated using a live 
and dead cell assay kit. Media was aspirated from each well and replaced with live and dead 
cell assay solution diluted in RPE1 cell culture media to a final concentration of 1X (as per the 
manufacturer’s instructions) and incubated in the dark at room temperature for 10 minutes. 
Subsequently, the live dead assay solution was aspirated and replaced with Hoechst 33342 
diluted at 1:10,000 in cell culture media. Cells were incubated for an additional 5 minutes, after 
which the solution was aspirated from each well. Wells were washed three times with PBS, 
and after which is was replaced with culture media for the duration of imaging. 
3.2.10.4 Imaging and Analysis  
Plates were imaged immediately after washing with ImageXpress Micro Confocal High-
Content Imaging system (Molecular Devices). 16 fields of view repeated in triplicate were used 
for quantification, with each image set equivalent to one field of view/site comprised of three 
fluorescent channels. Images obtained were quantified using open source CellProfiler software 
(McQuin et al. 2018) using a variation of image processing protocols developed in-house. 
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Numeric image analysis outputs were statistically analysed applying one way ANOVA with 
Bonferroni’s multiple comparison test, significance of p<0.05 was reported.   
Synthesis and Characterisation of Hydrogels With Tuneable Properties
  Results and Discussions 
61 
 
3.3 Results and Discussion 
3.3.1 Synthesis of thiolated hydrogels 
In identifying and selecting the base polymer used in the synthesis of the poly(acrylic acid)-
cysteine-co-acrylic acid herein referred to as PCA hydrogels, a number of properties were 
considered. The ideal hydrogel would be biocompatible and support cell adhesion and 
proliferation without need for post-synthesis modification. Moreover, it would have properties 
that allowed for the easy tuning of its properties. Polyacrylamide based hydrogels were initially 
investigated for this work due to their popularity in the field. However, because of their 
synthetic routes, it is not possible to process the hydrogels after formation which was a desired 
property. Moreover, they do not support cell adhesion and proliferation without coating the 
hydrogels after synthesis. As such a different class of polymers were identified and used . 
Thiolated polyacrylic acid (PAA-Cys) was identified as a suitable polymer due its proven 
biocompatibility and muco-adhesive properties. It was hypothesised that the latter property 
would promote cell adhesion and proliferation within the formed hydrogel. The synthesis of 
the PAA-Cys was left mostly unchanged from those reported in literature, as this proved to be 
sufficient for the desired outcome.  
 Poly(acrylic acid) was selected as the co-polymer because of its readily tuneable 
mechanical properties which are controlled by the concentration of acrylic acid used in its 
synthesis. Moreover, it is biocompatible and has a high concentration of hydrogen bonding, 
which would ultimately improve the overall mechanical properties of the hydrogel formed, 
while keeping a relatively consistent hydrogel composition. A DOE type approach was used in 
selecting the ratio of AA to PAA-Cys used in hydrogel synthesis. The values selected were 
based on literature findings and built on. While it is possible to explore a wide range of 
concentrations, the three AA concentrations were selected as a starting point observing the 
effects of a relatively low, medium, and high concentration of AA on the properties of the 
hydrogels. The curing times selected were also based on the literature findings for acrylate type 
crosslinking. Studies had shown that as little as 5 minutes could be used to obtain the 
crosslinking, based on this, crosslinking times ranging from 5 to 30 minutes were investigated. 
However, five minutes did not appear to be sufficient to crosslink the hydrogel, 10 minutes 
proved to be sufficient and was selected as the starting point, and subsequent crosslinking times 
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carried out in increments of 10 minutes resulting in crosslinking times of 10, 20 and 30 minutes, 
representing low, medium and high crosslinking times..   
Poly(acrylic acid)-cysteine-co-acrylic acid (PCA) hydrogels were synthesized via a multi-
step approach. PAA-Cys was first synthesized via EDC coupling reaction with an average yield 
of 80% (Scheme 3.1a). Ellman’s test was used to determine the concentration of free thiol 
groups attached to the PAA polymer. Results showed that on average, 31.43 ± 6.8 mmol of 
thiol groups were immobilised per mole of acrylic acid monomer of PAA-Cys. To obtain this 
degree of immobilisation, it was essential that the pH during the EDC addition be kept between 
5 and 6. Purging the reaction flask with nitrogen for at least 1 minute was also seen to favour 
the reaction.  Subsequently, PAA-Cys was photo-cross-linked in the presence of acrylic acid 
and a photo-initiator. PAA-Cys is unstable at ambient conditions due to free thiol groups and 
readily oxidises forming intermolecular di-sulfide bonds. Therefore it was critical to initiate 
polymer cross-linking as soon as possible after PAA-Cys synthesis. In synthesising the 
hydrogels, it was also found that certain process factors affected the overall properties of the 
hydrogel. One of which was the lyophilizing process. In instances when a bench top Freeze 
Drier was used, it was found that the lack of control over the different drying and freezing 
stages resulted in significant variations in the physical appearance between the batches and also 
variations in the solubility of the formed polymers in water. To combat this, an industrial Freeze 
Drier was used for all the studies reported in this work. The primary freezing time and the 
primary drying time proved to play a role in how well the overall freeze drying of the hydrogel 
occurred. It was found that when the PAA-Cys polymers underwent initial freezing of 5 hours 
and primary drying of 16 hours, the lyophilisation did not go to completion and portions of the 
polymers remained liquids. However, an initial freezing of 10 hours and primary drying of 24 
hours proved sufficient to lyophilise the hydrogels into white fluffy cakes, the desired physical 
appearance, which were readily soluble in water. . 
Nine different hydrogels were investigated, consisting of three different hydrogel compositions 
with three different cross-linking times. The PAA-Cys solid content was kept constant at 2% 
w/v, while the acrylic acid volume concentration and time exposed to UV light were varied, as 
is seen in Table 3.1. These parameters were found to be important and have significant effects 
on the properties of the hydrogels. The volume of water used in the reactions were kept constant 
to remove any water induced variations in the hydrogel swelling properties.  
Synthesis and Characterisation of Hydrogels With Tuneable Properties
  Results and Discussions 
63 
 
For biomedical applications such as cell culture scaffolds and tissue engineering, a thorough 
understanding of factors influencing the hydrogel properties is essential as these properties are 
known to influence cell behaviour in vivo. Previous studies on thiol-acrylate based hydrogels 
have shown that the ratio of thiol to acrylate functional groups influences the mechanical 
properties of hydrogels formed (Lingli Li et al. 2018). Park et al and Wu et al, when assessing 
the mechanical properties of alginate and chitosan hydrogels respectively, observed similar 
trends in their work, noting that after a certain degree of thiolation, the hydrogels showed no 
improvements in mechanical properties (Park et al. 2017, Wu et al. 2018). Results suggest that 
there is an equilibrium point in the PCA hydrogels after which additional thiol concentration 
does not influence conversion rates and may have adverse effects on the hydrogel properties. 
Thus in this study, the thiol content was held constant and the acrylate content varied. Findings 
also suggest that the curing time affects to some degree, the mechanical and swelling properties 
of the hydrogels. However, the ratio of acrylic acid to the thiol content is the key influencing 
factor on the final hydrogel properties, with hydrogels showing more prominent mechanical 
and swelling property changes in response to varying reactant concentrations. 
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The formation of the parent polymer PAA-Cys was confirmed and characterised by FTIR. 
The characteristic peaks from the FTIR spectra used for identification were the -NH peak of a 
secondary amide from 1565-1475 cm-1, the -SH peak of thiol bearing groups from 2600-2540 
cm-1 which are absent in pure PAA, as seen in Figure A1 and the -COOH of carboxylic acids 
from 1710-1690 cm-1. These peaks were observed in the samples confirming the coupling of 
the cysteine onto the PAA backbone and are seen in Figure 3.1. FTIR spectra of the 
subsequently formed hydrogels showed an absence of the thiol peak between 2500 and 2600. 
This -SH peak is typically quite weak when it appears, thus the absence of this peak is vital in 
the synthetic step of the formation of the hydrogels. During the hydrogel formation, two 
mechanisms are theorised to be occurring, one of which is the cross-linking between the thiol 
and acrylate functionality and the cross-linking of the PAA-Cys backbone. Thus the absence 
of the thiol peak in the spectra is associated with the thiol-acrylate reaction and corresponds to 
the consumption of thiol groups taking place during cross-linking. 
 
Figure 3.1 FTIR spectra of PAA-Cys polymer highlighting the peaks of interests with insert 
showing same spectra. 
 
The second mechanism, is an intramolecular cross-linking reaction within the PAA 
component of the PAA-Cys backbone. This has been observed when pure PAA polymers 
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undergo photo cross-linking. As a result, it is possible for the PAA backbones present to cross-
link in the presence of UV light leading to an insoluble hydrogel. It is theorised that the process 
occurs via the formation of a radical bearing the –COOH functionality (Forbes 2009, Gestos et 
al. 2010). These radicals can recombine, forming C-C bonds thus effectively cross-linking the 
polymer. This form of cross-linking results in a reduction of the COOH groups present and an 
increase in the CH groups for each sample.   
 
Scheme 3.2 Proposed mechanism for the UV induced crosslinking of PAA backbones present 
in the PCA hydrogels via Norrish I α-cleavage of the carboxylic group which leads to the 
formation of inter and intra molecular crosslinking. 
 
The extent to which this form of cross-linking is occurring in the PCA hydrogels can also 
be assessed by FTIR. The peaks associated with this mechanism lie in the broad range of 3700 
cm-1 to 2400 cm-1. The integral of the area under the peak between 3700 cm-1 and 2400 cm-1 
corresponds to the concentration of the -OH adjacent to the carbonyl group, while the narrow 
peak between 3000 cm-1 and 2850cm-1 corresponds to the CH stretch of an alkane. Figure 3.2B 
shows the changes in the integral ratio of OH:CH as a function of UV exposure time.   
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Figure 3.2 A) FTIR spectra showing increase in C-H stretching between 2850 and 3000 cm-1 
and B) Plot showing the ratio of OH:CH from the samples with varying concentrations and 
exposure time ( error bars, mean ± SD, n=3).  
 
As seen in Figure 3.2B, the ratio of OH relative to CH groups show a general decreases for 
PCA4 and PCA7 hydrogels as the UV exposure time increases thereby confirming the 
consumption of COOH groups during the hydrogel synthesis. The opposite effect however is 
observed for PCA1 hydrogels. This may be attributed to reduced cross-linking across the 
structure due to the low concentration of AA in the precursor when compared to PCA4 and 
PCA7. 
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The overall properties of these PCA hydrogels are influenced by two processes, namely 
covalent cross-linking and the formation of polymeric branching. The thiol radical formed in 
the presence of the photo-initiator and UV light, reacts with the acrylate group forming intra 
and inter molecular covalent bonds across the polymer, leading to a cross-linked and stable 
structure. The same mechanism however leads to the formation of PAA branches anchored to 
PAA-Cys polymer backbones. The effects of which is seen in the trends observed in the 
swelling and mechanical properties. 
 
3.3.2 Swelling Ratio and Stability of the Hydrogels 
The swelling ratio is one of the key properties of a hydrogel. It shows how much water the 
hydrogel can hold up until it reaches equilibrium point. The swelling ratio has a direct 
correlation with the chemical structure and mechanical properties as it provides insight to the 
degree of cross-linking present in the hydrogel. A higher swelling ratio is typically an indicator 
of a softer gel, which is an indicator of decreased cross-linking. For the PCA hydrogels, the 
degree of cross-linking is a direct result of the exposure to UV light and monomer 
concentration. In addition to this, the swelling ratio is important because it dictates the potential 
applications of the hydrogel. The ability to readily control this property is vital in building a 
multifunctional material.  
Figure 3.3A-B shows the swelling ratio as a function of time and UV exposure time 
respectively.  Results from the swelling studies show that as the ratio of the concentration of 
acrylate group to thiol group increased, there was a notable decrease in the swelling ratio. PCA1 
hydrogels exhibited an increase initial intake of water when compared with PCA4 and PCA7 
hydrogels. PCA1 hydrogels exhibited the overall highest swelling ratio and has the capacity to 
hold hundreds of times its weight in water. PCA4 hydrogels exhibited roughly half the swelling 
capacity of PCA1 hydrogels, while PCA7 hydrogels exhibited the lowest swelling capacity. Of 
the two factors under consideration, varying the ratio of acrylate functional group to thiol 
functional group had the most significant effect on the swelling ratio of the hydrogels when 
compared to the cross-linking time. It was observed that the hydrogels containing more AA 
had the lowest swelling ratio, implying overall a more densely cross-linked or packed structure. 
While the hydrogels with the lowest concentration of AA had the highest swelling ratio, 
implying a low cross-link density (Khan and Ranjha 2014). However, an interesting trend was 
Synthesis and Characterisation of Hydrogels With Tuneable Properties
  Results and Discussions 
69 
 
observed in the effects of curing time on the swelling ratio. According to hydrogel principles, 
the longer the exposure time to UV light, the more cross-linked the resulting structure. This 
trend was observed in PCA1 and PCA4 with samples cured for 10 minutes showing the highest 
maximum swelling capacity and samples cured for 20 and 30 minutes showing lower maximum 
swelling capacity. However, in PCA7 samples the opposite trend was observed. Samples cured 
for 30 minutes exhibited the highest swelling ratio and samples cured for 20 and 10 minutes 
showed lower swelling ratios. This is an interesting trend and can be attributed to polymer 
degradation due to the enhanced β scission degradation as a result of increased AA 
concentrations reported for other PAA polymer systems (Lebedeva and Forbes 2008). As 
mentioned earlier, there are two mechanisms at play during the formation of these PCA 
hydrogels, inter and intra molecular cross-links. When PAA-Cys is cross-linked using UV light 
the formation of covalent cross-links between thiol and acrylic acid moieties is accompanied 
by PAA polymer degradation via β-scission. One of the degradation products however, is an 
acyl radical which can recombine to form the parent polymer resulting in branching.  
 
Scheme 3.3 Photo-degradation mechanism for the a) secondary β-scission taking place on 
the PAA backbones present in the PCA hydrogels, highlighting the b) Norrish I α-cleavage of 
the carbonyl side chain leading to polymeric radicals and c) oxy-acyl radicals 
 
This degradation however, also affects the PAA molecules involved in covalent cross-
linking of the thiol groups and PAA branching, the two critical factors affecting the density of 
the hydrogels. Moreover, in small acrylate polymers, i.e. PAA, and at low pH’s the 
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degradations process is known to be very efficient (Lebedeva and Forbes 2008). As PCA7 
contains the highest concentration of AA, it is the most acidic of the three PCA gel 
combinations, meaning this degradation is more efficient in these samples. Thus, for the PCA7 
samples exposed to longer doses of UV radiation, instead of more cross-link formation, there 
is an increase in the rate of degradation, leading to low cross-linking density and higher 
swelling.  
All hydrogel samples showed a sharp intake, followed by a loss of water and then a steady 
rise and plateau. This initial sharp intake is most likely a result of the sol portion of the hydrogel 
which comprises of un-cross-linked PAA-Cys. This causes an initial increased swelling, 
however this portion dissolves rapidly causing the drop in the swelling ratio. The remaining 
portion of the hydrogel however, which is fully cross-linked, continues to swell gradually until 
reaching equilibrium point. Whereas both UV curing time and AA concentration have been 
shown to influence hydrogel mechanical strength, results show that AA concentration is the 
most significant factor affecting swelling rate for these PCA hydrogels.  
Overall, PCA1 and PCA4 exhibit a rapid swelling rate while PCA7 displays a more gradual 
swelling rate. The results obtained from this study highlight that although the swelling 
behaviour of the PCA hydrogels are directly affected by the ratio of the reactants and the time 
exposed to UV light, the concentration of AA to PAA-Cys appeared to have a greater influence 
on the swelling properties.  
All samples were also observed to be stable and showed no significant signs of weight loss 
for at least fourteen days. At approximately 21 days, samples PCA1 hydrogels showed signs 
of significant loss of weight indicating degradation of the hydrogel. Preliminary studies 
indicate that PCA4-10 min and PCA7-10 min hydrogels remained stable without showing any 
signs of significant weight loss of weight for up to a month. The curing time had little effect 
on the stability of the hydrogels as samples cured for 10 minutes exhibited the same stability 
as samples cured for 30 minutes, suggesting that PCA4 and PCA7 hydrogels are in fact stable 
for up to a month.  
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Figure 3.3 A)Overlay of swelling ratio of the various hydrogel combinations over seven days 
and B) Equilibrium swelling ratio of the three different hydrogel compositions at 10, 20 and 
30 minutes. (error bars, mean ± SD, n=3) 
 
3.3.3 Mechanical Testing 
It is important to know and understand the mechanical properties of hydrogels for a number 
of reasons. For any in vivo application, it is important that the hydrogels have elastic and 
mechanical properties that match the cellular environment associated with the application. It is 
important that hydrogels are sufficiently stiff or soft enough to match the tissue and cell 
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environment at the site of their use. Compression testing is one of the many ways by which the 
mechanical properties of a soft material can be probed. In compression testing, the stiffness of 
a material is measured through resistance to deformation in response to applied force, this is 
referred to as Young’s modulus. In this work, each of the hydrogels synthesized underwent 
confined compression testing to determine the elastic properties of the hydrogels. Stress strain 
curves for all the hydrogels were generated and the linear portion of the curves were used to 
determine the Young’s modulus. PCA hydrogel stiffness’s ranged from approximately 2 kPa 
to 35 kPa (Figure 3.4), with elastic moduli values lying on the lower end, between 1.6 and 9 
kPa, and the higher end, between 25 and 35 kPa, of that range. It should be noted that the elastic 
modulus typically lies between 0.1 and 10 kPa for soft tissue and anywhere upwards of 20 kPa 
for stiffer tissues (Yuan et al. 2000, Paszek et al. 2005, Levental et al. 2007, Guimarães et al. 
2020). Brain tissue has an elastic modulus of several hundred Pascals, whereas tendon and 
cartilage have modulus values in the Mega Pascal range (Wells 2008). The elastic moduli of 
some cell types such as, retinal epithelial cells, covers a large range, in this case ranging from 
0.3 kPa to 125 kPa, as values change in response to age and health (Chen and Weiland 2010, 
Chen et al. 2014, Qian et al. 2015, Qu et al. 2018).  
For maximum cellular growth and proliferation, any substrate used for 3D cell culture 
studies should possess physical properties that can be tailored for the specific tissue type or cell 
environment. Mechanical testing of the PCA hydrogels show it is possible to produce a range 
of modulus values by simply altering exposure time and more importantly the acrylic acid 
concentration. Result observed in Figure 3.4 indicate that varying AA concentration is the 
preferred method for synthesizing hydrogels with elastic moduli ranging from approximately 
1.6 kPa to 35 kPa. The overall mechanical strength of the PCA hydrogels are influenced by 
two processes, covalent cross-linking and the formation of polymeric branching. These 
mechanisms, mentioned earlier, lead to the thiol radical forming in the presence of the photo-
initiator and UV light. These radicals react with the acrylate group forming intra and inter 
molecular covalent bonds across the polymer leading to a cross-linked and stable structure. 
This mechanism leads to the formation of PAA branches anchored to PAA-Cys polymer 
backbones which influences the mechanical properties of the formed hydrogels. The ratio of 
thiol to acrylate predominantly influences the degree of cross-links and branches formed. In 
addition, increasing or decreasing the exposure time allows for more or less branching and 
cross-linking, thus affecting the mechanical properties of the hydrogels making them either 
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softer or stiffer. Thus PCA1 hydrogels contained the least ratio of acrylate to thiol groups, thus 
resulting in the lowest Young’s modulus values at all exposure times. 
 
Figure 3.4 Hydrogel stiffness obtained from compression testing results showing Young’s 
Modulus values obtained for the different hydrogel compositions formed at different times. 
(error bars, mean ± SD, n=3).  
 
Effects of UV exposure time on hydrogel mechanical strength was another factor 
investigated by examining hydrogel mechanical strength at three different UV exposure times. 
Individual trends observed at the different exposure times are particularly interesting within 
each hydrogel. According to the principles of photo cross-linking, an increase in the exposure 
time leads to an increase in cross-links formed, resulting in a stronger hydrogel. However, in 
two of the hydrogels, the opposite trend is seen. PCA1 and PCA7 hydrogels exhibit a higher 
Young’s modulus at a lower exposure time and a lower value at a higher exposure time. This 
can be attributed to the β-scission polymer degradation reported earlier. This process, discussed 
under the swelling ratio affects the degree of cross-linking and the PAA branching, the two 
main factors which influence the mechanical strength of the hydrogels. PCA1 has the lowest 
v/v ratio of AA to PAA-Cys in the hydrogel precursor and as such exhibits less cross-linking 
and PAA branching. The low levels of cross-linking and PAA branching ensues mechanical 
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properties of PCA1 are impacted by β-scission degradation induced by increased UV exposure. 
Similar trends are observed in PCA7 because of similar mechanistic complexities, however, 
this is enhanced due to the increased concentrations of AA. PAA degradation via β-scission is 
very efficient and occurs at a faster rate at lower pH’s (Lebedeva and Forbes 2008, Gestos et 
al. 2010). As PCA7 contains the highest volume of AA in the hydrogel precursor, it has a lower 
pH and is more prone to this process relative to other hydrogels. While the β-scission 
degradation also occurs in PCA4 at higher UV exposure times there is sufficient concentrations 
of AA to maintain the hydrogel mechanical strength yet insufficient AA concentrations to 
induce an enhanced degree of PAA β-scission degradation.  
 
3.3.4 Surface Morphology of the Hydrogels 
Surface morphology and topography have previously been shown to influence cell adhesion 
and as such the surface morphology of the PCA hydrogels were examined by SEM. Swollen 
hydrogels for SEM imaging underwent lyophilisation after flash freezing with liquid nitrogen. 
Figure 3.5 shows the SEM images of the freeze-dried hydrogels and provides information on 
the surface morphology of the hydrogels. Hydrogel morphology appeared broadly similar 
indicating that UV cross-linking time and concentration of acrylic acid does not appear to have 
a significant effect on surface morphology. All hydrogels displayed a rough surface 
morphology. This roughness was more prevalent in PCA1 hydrogels than in PCA4 and PCA7 
hydrogels. All hydrogels also exhibited what appeared to be a stacked or layered surface 
consisting of rough and smooth areas when samples were viewed from the sliced cross-
sectional area. There also appeared to be small pockets of netted networks on portions of the 
hydrogels and looked to be on the inside portion of the hydrogels. The stacked nature of the 
hydrogels may also facilitate the formation of porous layers during swelling. 
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Figure 3.5 Representative SEM images of the swollen and subsequently freeze-dried hydrogels 
at various magnifications. 
 
In addition, it was observed that hydrogels, which were swollen and patted dry of excess 
water exhibited a “rubbery” consistency when physically probed with the tip of a spatula. 
Interestingly, the samples with higher ratio of acrylic acid had what appeared to be this rubbery 
consistency when compared to hydrogels with the lower ratio. The results from mechanical 
testing support this finding with the hydrogels made from a higher AA concentration resulting 
in higher elasticity results when compared with samples with a lower AA concentration.  
 
3.3.5 In-Vitro Cell Study 
All nine hydrogels evaluated in this study exhibited high levels of biocompatibility when 
utilized as cellular growth support scaffolds for RPE1 cells, TERT-immortalized retinal 
pigment epithelial cell line, and exhibiting normal growth dynamics. Assay via confocal 
microscopy using live-dead fluorescent analysis showed that each of the hydrogels exhibited 
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greater than 98% biocompatibility for both PBS and Collage swelled. It was interesting to see 
that the RPE1 cells exhibited notable viability and proliferation on all the PCA hydrogels 
without additional ECM factors. Proliferation rate of RPE1 cells however, were seen to vary 
between the different hydrogel compositions. These variations were observed to coincide with 
the mechanical properties of the respective hydrogels. Overall, for hydrogels swelled in PBS, 
PCA1-10min, PCA4-10min, PCA4-20min, and PCA4-30min exhibited the highest degree of 
cell proliferation see Figure 3.6. Cells cultured in these hydrogels were observed to stretch 
normally with actin bundle stress formation, which are typically associated with non-muscle 
cells, and are known to greatly influence the adhesion, migration and morphogenesis of cells. 
Within each of the three hydrogel compositions, and their different curing times, intra and 
intergroup differences were observed in relation to cell proliferation. These differences are 
attributed to the chemical composition of the hydrogels and their corresponding mechanical 
properties. Previous studies conducted on dermal fibroblasts have shown that cells cultured on 
softer collagen matrices exhibited slower cell proliferation when compared to cells cultured on 
stiffer collagen matrices. Our results showed similar trends. Cells cultured on PCA1 showed 
decreased proliferation with increasing curing time. This increased curing time, resulted in a 
lowering of the mechanical stiffness of the hydrogels from 5 kPa to 2 kPa. While these values 
are not significantly far apart, they suggest that hydrogel stiffness’s of less than 5 kPa are not 
optimal physiological conditions for the proliferation of this cell line. This is further buttressed 
by the enhanced proliferation observed for cells cultured on PCA4 hydrogels. PCA4 hydrogels 
exhibited statistically significant increases in mechanical strength with an increase in curing 
times, increasing from 29 kPa, to 31 kPa to 36 kPa for 10 minutes, 20 minute and 30 minutes 
respectively. PCA7 hydrogels did not show any significant differences in cell proliferation with 
increase in the curing time which resulted in decreased mechanical strength. This is most likely 
attributed to an unfavourable chemical composition of this hydrogel for cell proliferation of 
this cell line.  
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Figure 3.6 A-whisker plots representing cell count per field of view of the PBS swelled 
conditions and images of hydrogels with greatest cell growth, where yellow is Actin and blue 
is DAPI/DNA (scale bars represents 50µm). B- whisker plots representing cell count per field 
of view of the Collagen swelled conditions and images of hydrogels with greatest cell growth, 
where yellow is Actin and blue is DAPI/DNA (scale bars represents 50µm).C- cell area in 
pixels/field of view in PBS swelled condition. D-percentage cell viability, where hydrogels are 
grouped by their curing times (e.g. 10minutes, 20minutes, and 30minutes). 
 
In addition to cell viability and proliferation, the suitability of active ECM biomolecule 
incorporation was also evaluated using Collagen. Collagen was selected owing to its abundance 
within the body and its ability to influence cell proliferation and adhesion. For PCA4 (20 
minutes and 30 minutes) hydrogels swelled in PBS containing 25 mL/mL of Collagen, 
approximately 3.5-fold increase in cell proliferation was observed when compared to PCA4 
swelled in PBS alone. Indicating that Collage was available for interactions. However, there 
were no significant differences observed in the in cell proliferation on PCA1 and PCA7 when 
compared to PBS samples. 
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3.4 Conclusion  
The synthesis of novel PAA-Cys-AA based hydrogels with readily tuneable mechanical and 
swelling properties, and enhanced stability were reported in this chapter. The properties of the 
synthesized hydrogels, specifically the elasticity and swelling ratio, could be tuned by making 
simple variations in the photo cross-linking time and the reactant concentrations. Elastic moduli 
obtained covered a wide range of elasticities, similar to most healthy or diseased mammalian 
tissue. The hydrogels exhibited exceptional swelling properties exceeding 100% in each case 
and were found to exhibit high level of biocompatibility when evaluated with RPE1 cell lines. 
Importantly, the modified hydrogels supported cell adhesion without the need for further 
surface modification and their mechanical properties were seen to have a direct impact on cell 
proliferation. The hydrogels also had the capability to be functionalised with bioactive ligands 
making them candidates for specific protein encapsulation. Overall, owing to the tuneable 
nature of their mechanical and swelling properties and their subsequent effect on cell 
behaviour, these hydrogels allow for future fabrication of biochemically and mechanically 
tailored cell and tissue scaffolds with a wide range of modifiable properties. Thus providing 
the scientific community with a potential “tool box” for a highly customisable 3D scaffolds 
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Electroactive hydrogels have gained popularity in recent years owing to the numerous 
applications that benefit from them. These materials have the ability to bridge the gap between 
soft biomaterials and mammalian tissue in a way that pristine hydrogels cannot. Specifically, 
the electroactive component may equip the hydrogel with additional properties, such as the 
potential to enhance cellular responses from cells, increase the rate of cell proliferation, and 
impart and increase wound healing properties (Schmidt et al. 1997, Wu et al. 2016, Pyarasani 
et al. 2019, Qu et al. 2019, Talikowska et al. 2019). In addition, the electroactive component 
introduces a level of responsiveness which can allow these materials to potentially be used as 
electrically controlled drug delivery systems, and act as coatings for neural implants (Murdan 
2003, Winter et al. 2007, Zhong and Bellamkonda 2007, Pillay et al. 2014, Pérez-Martínez et 
al. 2016, Wei et al. 2019). Owing to the wide range of applications available for these materials, 
research is constantly ongoing in developing new approaches to improve on current methods 
of synthesis and fabrication of these electroactive hydrogels. 
Additive manufacturing (AM) has emerged as one of the techniques to fabricate functional 
hydrogels, including electroactive hydrogels and typically follows a layer by layer fabrication 
technique (Groll et al. 2018, Moroni et al. 2018). AM techniques can be broadly grouped into, 
inkjet-based, syringe based and light based techniques (Van Hoorick et al. 2019). Of these 
three groupings, inkjet based fabrication has been looked into the least, most likely because of 
the difficulties associated in obtaining a printable ink solution from hydrogels (Derby 2010, 
Hoch et al. 2013). However this technique has multiple advantages associated with it. Some of 
which include, the speed and efficiently at which materials can be formed, its inherent 
contactless method leading to minimal room for contamination and the ability to build 
structures of different complex shapes and sizes (Campbell and Weiss 2007, Tekin et al. 2008, 
Hoch et al. 2013). Inkjet printing, as a method of AM, has potential advantages in fabricating 
electroactive hydrogels, particularly because of the ease of incorporation possible when 
building materials with multiple components and complex architectures such as in the case of 
electroactive tissue scaffoldings and drug loaded hydrogels (Derby 2010). 
According to the principles of inkjet printing, for a fluid to be printable, it must possess 
certain rheological properties which can be characterised by its viscosity, surface tension and 
density of the fluid. These properties are considered to be the determining factors that allow 
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for hydrogel printing and as such, most researches focus on modifying the properties of the 
hydrogel ink when trying to create 3D structures. (Melchels et al. 2014, Vedadghavami et al. 
2017) The importance of the ink properties is seen in its effect on subsequent printing 
parameters such as the drying process. The drying process during printing is known to affect 
the structure of the final product and is directly related to the properties of the hydrogel ink. 
This is observed in most ink solutions, however it is more apparent in inks made from high 
density dispersions, as solute migration can become an issue resulting in the “coffee stain” 
effect (Friederich et al. 2013). This coffee stain effect negatively impacts the resolution of 
printed substrates, making it essential to minimise its occurrence when printing.  This may be 
countered by altering the rheological properties of the ink. For example, making the ink from 
a solvent of lower volatility, can slow down the rate or degree of solute spreading (Deegan et 
al. 1997, Derby 2010).  
Thus, an ideal ink for printing electroactive hydrogels, should meet the mechanical 
properties required for the printing process and also retain its biocompatibility. However, the 
required properties for printing hydrogels are often opposed to the desired properties for cell 
culture studies. For example, a high level of cross-linking results in good shape integrity after 
printing, however, this high cross-linking density impairs cell migration and proliferation due 
to reduced pore sizes causing low diffusion of oxygen and nutrients (Bencherif et al. 2008, 
Malda et al. 2013). It is possible to mitigate these opposing properties by optimising the 
hydrogel inks for cell culture studies and adding other polymeric materials to provide the 
mechanical stability required (Shim et al. 2011, Hölzl et al. 2016). While it is apparent 
conventional inkjet printers have been used for printing biomaterials, (Nakamura et al. 2005, 
Xu et al. 2006) there is room for developing methods and systems that would further improve 
the robustness of the existing methods without relying heavily on ink modification. As the 
modification of ink properties can sometimes compromise the printing system. 
An ideal electroactive hydrogel comprises of a network of an electroactive polymer within 
a hydrogel. Many forms of these networks have been identified, however, interpenetrating 
networks have arisen as one of the promising ways to arrive at a fully functional and integrated 
electroactive hydrogel (Green et al. 2010, Kleber et al. 2017). By definition, an interpenetrating 
network is a system whereby one polymeric competent is formed in the presence of the other. 
The result is a system whereby both components retain their individual characteristics but 
cannot by separated without a chemical means (Lipatov 2002, Das 2013). Thus lending both 
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properties of the hydrogel and the electroactive polymer to the system. An ideal electroactive 
hydrogel system, would be easy to assemble and would have the electroactive polymer 
embedded securely within the hydrogel matrix. The use of an inkjet printer could facilitate such 
a system. With the use of the printer, it would be possible to embed the monomer within the 
matrix of the hydrogel and subsequently polymerize the polymer resulting in an 
interpenetrating network. The use of the printer would further ensure the distribution of the 
monomer throughout the structure of the hydrogel, thus facilitating even distribution of the 
conducting polymer.  
In this chapter, we investigate the development of a system whereby inkjet printing is 
utilised as a tool in the fabrication of an electroactive hydrogel. In the first portion of this 
chapter, a system is developed and optimised on a custom built inkjet printer equipped with 
dual nozzles. The hydrogel, pHEMA, used for this system is one of the most widely used 
biocompatible hydrogels, making it an ideal candidate for the study. In the second portion of 
the chapter, hydrogel fabrication with monomer incorporation were carried out with the use of 
the inkjet printer and subsequently the electroactive hydrogel formed by electrochemical 
polymerization of water soluble sulfonated aniline (2-methoxyaniline-5-sulfonic acid) (2-
MAS) post printing. 2-MAS was selected particularly because of its water soluble nature. This 
would have the advantage of allowing the polymerization within the hydrogel take place in an 
aqueous medium which is preferred for hydrogels as it allows the electro-polymerization 
process occur much readily within the hydrogel structure. Moreover PHEMA is not chemically 
resistant and carrying the process out in an organic solvent, such as acetonitrile, would have 
degraded the hydrogel itself. SEM was used to characterise the morphological properties of the 
hydrogels formed, FTIR was used to confirm the presence of the electroactive polymer within 
the hydrogels, and CV was used to assess the electrochemical properties of the electroactive 
hydrogels fabricated. 
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4.2 Experimental  
4.2.1 Materials  
Poly(2-hydroxyethylmethacrylate) (pHEMA) (20,000 MW), lithium perchlorate salt 
(LiClO4), purchased from Sigma Aldrich (Ireland), pHEMA (300,000 MW) purchased from 
Santa Cruz Biotechnology. 2-methoxyaniline-5-sulfonic acid (MAS) purchased from Tokyo 
Chemical Industry (United Kingdom), methanol (MeOH) purchased from VWR (Ireland), 
Office DEPOT transparency slides (acetate slides), 0.7 μm Glass MicroFiber (GMF) syringe 
filters and 5mL syringes  purchased from Thermo Fisher Scientific. Indium tin oxide (ITO) 
coated glass, surface resistance 70-100 Ω/sq slide obtained from Sigma Aldrich (Ireland).  All 
materials were used as purchased with no further purifications or modifications.  
 
4.2.2 Instrumentation 
Inkjet Printing: All inkjet printing took place using a custom-built inkjet printer (Figure 
4.1B) equipped with the following; an ink reservoir, a supply of compressed air, a stage (pen 
plotter), a camera and a dual nozzle print-head able to house two electromagnetic nozzles 
(Micro Valve Sub Micro Liquid Dispenser (SMLD) 300/300G, Fritz Gyger Switzerland) fitted 
with a ruby valve ball. The distance from the print-head to the pen plotter with the substrate on 
it was 6 mm from the pen plotter. The print-head, comprises of a valve seat, closing spring, 
valve coil, stationary anchor, medium, valve ball, mobile anchor and a switch as seen in A. 
The two micro-valve nozzles used for this study were the SMLD 300 and SMLD 300G 
nozzle with nozzle diameters of 0.15 mm and 0.30 mm respectively. The micro-valve nozzles 
actuate via an electromagnetic switch valve, the ink (medium) is delivered from a pressurised 
reservoir. In the absence of a current, the valve remains closed.  When current flows through 
the valve, it generates a magnetic field, which causes the internal mobile anchor and the valve 
ball to actuate magnetically, thus opening the valve and dispensing the ink. The length of time 
the valve stays open is called the opening time and is determined by the duration of the applied 
current. This allows for a precise deposition of ink from the nozzle.  
A source of compressed air was connected to the ink reservoirs and used to apply pressure 
during printing. The set-up allowed the use of pressure ranging from 0 mBar to 500 mBar. 





Figure 4.1 A) Schematic representation of micro valve nozzle with valve closed, and valve coil 
without current B) Labelled image of Inkjet Printer 
 
Viscosity:  The viscosity of printing inks are vital to the optimization of printing parameters. 
The viscosity of the inks used in this work were determined via a Brookfield DV3T 
Viscometer. The viscometer is a benchtop device equipped with a spindle, a holder and 
temperature probe. The software allowed for the configuration of the speed of the spindle and 
the duration of the test. The results produced were viscosity values, shear stress and shear rate.  
Electrochemical Synthesis and Analysis: All electrochemical synthesis and 
characterisation were performed on CH Instruments Electrochemical Analyser, specifically 
A. 
B. 
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either a CHI620 or a CHI8I02 instrument were used in this study. The electrochemical setups 
used in this work comprised of a three- electrode electrochemical cell consisting of ITO-coated 
glass as the working electrode, a platinum wire as the counter electrode and a reference 
electrode of Ag/AgCl for aqueous reactions, and Ag/Ag+ for non-aqueous reactions.  
Imaging: Images of the polymers encapsulated within the hydrogels were obtained by 
scanning electron microscopy (SEM). SEM images were obtained through a CarryScope JCM-
5700 SEM, with an accelerating voltage of 5kV. Preliminary images of the polymers 
encapsulated within the hydrogels were obtained using an optical microscope.  
Structural Characterisation: Structural characterisation of samples were confirmed by 
Fourier transform infrared (FTIR) spectroscopy. Attenuated total reflection (ATR) mode was 
used on all samples. This mode eliminates the need for post modification and tedious samples 
preparation. Thus allowing the samples to be characterised in their post fabrication state. FTIR 
spectra for all samples were obtained without any modifications to the samples. 
 
4.2.3 Fabrication of Poly(HEMA)-Poly(MAS) Electroactive Hydrogel 
(PHEMA-PMAS) via Inkjet Printing 
4.2.3.1 Inkjet Printing Method Development 
Drop Visualisation: The drop formation is an important part of inkjet printing and 
monitoring this occurs via a process known as drop visualisation. Drop visualisation also 
allows for the determination of optimum printing parameters. All studies on the formation and 
jetting ability of the inks took place on a custom-built drop visualisation setup and a custom 
designed software. A high performance Stingray digital camera (Allied Vision Technology) 
with a zoom lens was used in obtaining images of the drops over the course of their ejection 
from the nozzle and along their path of trajectory. A strobe light emitting diode (LED) light, 
situated behind the nozzle highlighted the drops as they ejected from the nozzle. The 
configuration of the set up allowed the strobe and camera to be triggered at variable intervals 
spanning the duration of the drop ejection and travel. During the drop visualisation studies, the 
drops were imaged with a strobe delay over a range microseconds after drop ejection. A custom 
built software package, DropWatch© was used for quantification of the drop properties.  
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Print Settings: To obtain the optimal drop volume and desired print patterns with optimal 
resolution and uniform films, the print settings were optimised for each of the inks. In each 
case, the applied pressure, the nozzle opening time, the line spacing, the point spacing, number 
of layers printed and drying time between each layer were optimised to give the desired film 
properties. The custom-built printer software allowed for the optimisation of these properties 
and settings. 
Substrate Choice: The choice of substrate was limited in this study to glass slides and 
acetate slides cut into 10.00 ×  20.00 mm rectangles and 10.00 ×  20.00 mm squares 
respectively. It was observed that the drops deposited on glass slides maintained their integrity 
and exhibited reduced spreading when compared to drops deposited on acetate slides. This 
observation is most likely a result of the hydrophilic nature of the acetate slides. Thus, for 
optimal structure integrity, printing was carried out on glass substrate.  
 
4.2.3.2 Ink Preparation 
pHEMA (20,000 Mw)  ink: A 14.5 wt.% solution of poly(2-hydroxyethyl methacrylate) in 
ethanol was prepared. Briefly, 0.58 g of pHEMA (20,000 Mw) was dissolved in 4 mL of ethanol 
and the solution agitated until all the pHEMA dissolved and a clear solution obtained. 
pHEMA (300,000 Mw)  ink: A 10 wt.% solution of pHEMA in methanol was prepared. 
Briefly, 0.50 g of pHEMA was dissolved in 5 mL of methanol and the solution agitated until 
all the pHEMA dissolved completely and a clear solution was obtained. 
2-MAS (203.21 Mw) ink: A 0.1 M solution of 2-MAS in water was prepared. The solution 
was sonicated until all the 2-MAS was dissolved and a clear solution obtained.  
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Table 4.1. PHEMA and 2-MAS ink properties assessed prior to printing 




PHEMA 14.5 % w/v Ethanol 5.29 cP 20,000 MW 
2-MAS 0.1 M Water 1.37 cP 203.21 
PHEMA 10 % w/v Methanol 11.19 cP 300,000 MW 
 
4.2.3.3 Inkjet Printing Assisted Modification of Electrode (ITO-coated Glass) with 
PHEMA Hydrogel 
A custom-built inkjet printer was used in the modification of the working electrode with 
PHEMA. The printing parameters obtained and optimised for pHEMA were utilised in printing 
the system. Printing parameters for 2-MAS were obtained according to the same process used 
for pHEMA and were used to introduce 2-MAS into the hydrogel structure. The two nozzles, 
SMLD 300 and SMLD 300G were used in printing these structures. Prior to printing, the 
hydrogel, pHEMA and the monomer, 2-MAS were dissolved in the appropriate solvents to 
make inks suitable, detailed in the section above, for printing.  
Owing to the viscous nature of pHEMA, it was printed via the SMLD 300G and 2-MAS via 
the SMLD 300 nozzle. Both inks were introduced into their respective reservoirs by use of a 
syringe equipped with a 7 μm glass fibre filter. Printing of the hydrogel inks occurred via 
alternating layers of pHEMA and 2-MAS, resulting in a total of 33 layers deposited. Printing 
parameters for the hydrogel blend are listed in Table 4.2 Printing followed this sequence; seven 
layers of pHEMA first deposited onto ITO coated glass, with no prior modification to the ITO 
coated glass slide with a dying time of 40 seconds between each layer. Subsequently, seven 
layers of 2-MAS followed, with a drying time of 70 seconds. This alternating printing sequence 
was repeated until achieving the desired number of layers. All printing occurred at room 
temperature.  
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Table 4.2 Printing parameters for PHEMA and 2-MAS ink 















pHEMA 230 193 1.20 1.19 40 16 
2-MAS 190 95 1.00 1.00 70 17 
 
4.2.3.4 Electro-polymerization of PMAS within pHEMA Hydrogel 
The set-up for the electro-polymerization consisted of a three-electrode set-up run in an 
electrochemical cell consisting of the supporting electrolyte, working electrode, counter 
electrode and a reference electrode. The ITO-coated glass modified with pHEMA and 2-MAS 
monomer served as the working electrode and polymer growth was facilitated by cyclic 
voltammetry. Electrochemical parameters were, a potential range from 0.1 V to 0.9 V, with a 
scan rate of 0.03 Vs-1. The supporting electrolyte was an aqueous solution of 0.1 M LiClO4. 
The formation of the pMAS within the hydrogel was characterised by the appearance of a dark 
yellow colour within the hydrogel, which turned dark green as the polymerization proceeded. 
The number of scans employed, resulted in a polymerization time of 45 minutes.  
 
4.2.4 Structural Characterisation  
The structural and morphological properties of the pHEMA-pMAS hydrogel blend were 
characterised via SEM and FTIR analysis. Spectra were obtained in Absorbance mode and 
from a range of 400 to 4000 wavenumber after 32 scans. Samples for SEM were mounted onto 
SEM stubs using double-sided carbon tape. Following this, the samples sputtered with gold for 
approximately 45 seconds and were imaged under vacuum. 
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4.2.5 Electrochemical Characterisation  
CV was employed in the electrochemical characterisation of the pHEMA-PMAS hydrogel. 
Electrochemical characterisation was carried out in a solution of 1.0 M HCl at room 
temperature. CVs were run over a potential range of, −0.2 V to 0.95 V, and a scan rate of 0.05 
Vs-1.  
 
4.2.6 Swelling Behaviour  
The swelling behaviour of pristine pHEMA hydrogels were determined gravimetrically. A 
predetermined number of layers of the respective hydrogels were deposited onto glass slides. 
The hydrogels formed on the substrate were weighed as prepared (Wdry) and subsequently 
immersed in a petri dish containing deionised water. At specific time intervals the swollen 
hydrogel disks were removed from the solution, excess solution was blotted out and the 
samples were weighed (Wwet). The swelling ratio at specific time intervals was calculated using 
the following relationship. 
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊𝑤𝑒𝑡 −𝑊𝑑𝑟𝑦
𝑊𝑑𝑟𝑦
                              Equation 3.1 
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4.3 Results and Discussion 
4.3.1 Method Development 
In developing a method for inkjet printing 3D hydrogel structures, a number of parameters 
must be taken into consideration. These factors are broadly placed into two categories, the ink 
properties and the printing substrate. With the inkjet printer used in this study, an additional 
category, the printing parameters, proved to be the most important set of parameters needed for 
optimal printing. These parameters are discussed below. 
 
4.3.1.1 PHEMA Ink  
Upon identifying inkjet printing as a possible tool to aid the fabrication of the hydrogels, a 
number of parameters needed to be considered in forming the hydrogels. The first thing was 
hydrogel selection. PHEMA was selected primarily because of its popularity and extensive use. 
Other polymers/hydrogels such a poly(ε-caprolacton) were investigated, however finding 
suitable solvents proved challenging As PHEMA is soluble in methanol and ethanol and is 
widely used in biomedical applications, it was selected as the polymer ink. For this study, it 
was paramount that the hydrogel inks remained chemically unmodified, as such the only 
property of the ink which could be modified was its viscosity. To adjust the viscosity of the 
PHEMA ink, two factors were investigated. The solvent in which the ink was made, and the 
concentration of the ink. . Selecting a suitable solvent was vital as the solvent would influence 
the difficulty or ease of printing. An ideal solvent would dissolve but not degrade the hydrogel, 
have a mid to low boiling point and have a moderate viscosity. A series of solvents were 
investigated, and the choice of solvents were narrowed down to ethyl acetate, methanol and 
ethanol. Ethanol was selected as the most suitable primarily due to its low boiling point proved 
to be the most suitable for pHEMA of 20,000 Mw while methanol proved the most suitable for 
pHEMA of 300,000 MW. A range of concentrations were also investigated until a suitable 
concentration obtained. Initial printing studies with the PHEMA (20,000 Mw) ink were carried 
out on the SMLD 300 nozzle, however, it was observed that the highest concentration this 
nozzle could print was 10 % w/v in ethanol. Printing at this concentration constantly clogged 
the nozzle orifice, due to its small nozzle diameter of 0.15mm.  As a result, the integrity of 
printed materials were constantly compromised. The films formed were not homogenous and 
the printing was not reproducible. Thus, the SMLD 300G, which has a larger nozzle diameter 
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of 30 mm, was employed for further studies. Owing to the larger nozzle diameter, it was 
possible to print inks of higher concentrations. With this nozzle, PHEMA ink (20,000 Mw) with 
a concentration of 14.5% w/v in ethanol was found to produce optimal drop formation and 
uniform film production. The dynamic viscosity of the PHEMA ink was measured and found 
to be 5.29 cps. For this study, a viscosity higher than 3 cP was desired, as low viscosity inks 
tend to have a higher degree of spreading, which ultimately affects the integrity of the final 
product. 
pHEMA (300,000 MW) ink was also investigated to demonstrate the robustness of this 
process in printing both low molecular weight and high molecular weight inks. For the higher 
molecular weight pHEMA (300,000 MW) a concentration of 10% w/v in methanol was found 
to produce uniform film and drop formation. 
 
4.3.1.2 Printing Parameters 
The printing parameters investigated for this work were, nozzle opening time, applied 
pressure, line spacing and point spacing. Findings from the study indicated that the two key 
parameters, were the nozzle opening time and the applied pressure. Thus these two parameters 
were optimised first, with the line and point spacing optimisation following. The optimisation 
of the nozzle opening time and the applied pressure is vital for uniform drop formation and was 
studied using Drop Visualisation software. These drop visualisation studies allowed for the 
visual observation of the drops as they form at the nozzle and travel down to the substrate. This 
process is discussed in details further on. As a rule of thumb, during printing it is desired to 
have a shorter opening time and a higher applied pressure. This is because the smaller the 
opening time, the better the drop resolution, especially when a nozzle of larger dimension is 
used. However, there is a fine line between the opening time used, the viscosity of the ink and 
the applied pressure. For most inks, there is a lower limit, opening time cut off mark, before 
which no ink will be ejected from the nozzle, even at high applied pressure values. On the other 
hand, after this lower limit, using excessively high pressure may cause spraying to occur during 
the printing process, resulting in poor drop formation, excessive amount of satellite drops and 
overall poor printing quality. Thus, although it is possible to generate a range of opening times 
that give drop formation, the key in selecting the optimal opening time and pressure lies in the 
desired final product and the desired resolution. Naturally, results showed that opening time 
from 193 μs to 198 μs would produce drops of medium to high resolution however, to obtain 
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the best resolution for the desired product, the smaller opening time was utilized.  For the low 
molecular weight pHEMA ink, the optimal opening time was determined to be 193 μs with an 
applied pressure of 230 mbar. The high molecular weight pHEMA was printed at 193 μs and 
350 mbar. Because of its high molecular weight, it was essential that the applied pressure be 
kept sufficiently high to prevent the nozzle from clogging between layers. The temperature and 
humidity were found to influence the printing as these properties influenced the properties of 
the ink, particularly the solvent. While it was not possible to control them, they were taken note 
of during printing.  
Table 4.3. Printing parameters for PHEMA inks 

















193 230 1.2 1.19 40 
PHEMA 
(300,000 Mw) 
193 350 1.0 1.0 40 
 
The line and point spacing also play a significant role in the structure of the final product. 
They determine if the final structure obtained is a high resolution film comprising of individual 
drops, rows and tracks or a high resolution homogenous films with no sign of ink tracks or 
drops. For this work, the latter, homogenous films, were the desired outcome. To obtain this, 
the line and point spacing needed to be optimised such that when the drops were deposited, 
there was minimal spreading and some overlap. An excess of spreading would result in the 
“coffee stain” effect. This is a situation whereby the material solid content migrates to the 
outside of the drop, leaving the inside hollow. This effect is often seen in low volume fraction 
dispersion and may arise due to a number of factors including poor rheological properties (i.e. 
low ink viscosity) and insufficient point spacing. For un-optimised prints, the coffee stain effect 
was observed on the bulk of the printed pattern, with the centre of the film being hollow and 
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the edges and corners containing the bulk of PHEMA. By increasing the spacing in between 
the points, it was possible to mitigate this effect. Although the individual drops experienced 
some spreading, the increased spacing ensured that this spreading did not affect the integrity 
of the structures formed. Once the line and point spacing was optimised for each hydrogel ink, 
the parameters were used to print hydrogel films. 
A layer by layer approach was utilised in forming the final films. The printing software 
allowed for the programming of the system to print layers with pre-determined drying times in 
between each layer. Thus ensuring that each layer was formed in a reproducible manner with 
as little room for error as possible. The drying time also played a role in reducing the presence 
of the coffee stain effect on the bulk film formed, by reducing excessive bleeding and merging 
of one layer into the next. By allowing sufficient resting time between each layer, the previous 
layer was given sufficient time to allow the solvent evaporate thus avoiding this excessive 
bleeding of layers, and ultimately preventing the migration of solid content to the edge of the 
film. To validate the capability of using the printer to form homogeneous films, the process 
was compared to the traditional method of film formation by drop casting with a micropipette. 
The volume of each layer was calculated using the average volume obtained from the 
DropAnalysis software and found to be 1.7 μL. Thus for all 15 layers, the total volume drop 
casted was 42.5 μL. Drop casting was carried out in a layer by layer approach with a drying 
time of 40 seconds between each layer. The obtained film was clearly less homogenous when 
inspected visually and is seen in Figure 4.2A-C. These results highlight the advantage of 
control and precision, of the inkjet printer over traditional drop casting methods. 
 




Figure 4.2. Pictures of A) Drop-casted PHEMA on glass slide B) PHEMA printed on glass 
slide before optimisation of printing parameters and C) PHEMA printed on glass slide after 
optimisation of printing parameters 
 In addition to the drying time between each layer, the numbers of layers, which could be 
printed per film also proved to have its limits. It was observed that it was possible to print up 
to 30 layers of both molecular weight pHEMA ink with the parameters seen in Table 4.3 giving 
a final height of approximately 5 mm. After this, the hydrogel collapsed on its self. Thus the 
hydrogel films were built with a maximum of 15 layers, which resulted in a film of 
approximately 2.5 mm height when wet and 1 mm height when completely dry. High molecular 
weight pHEMA films were formed by printing 12 layers according to the parameters in Table 
3. By printing both low molecular weight and high molecular weight pHEMA, this work 
illustrates the robustness and potential applications of the system for hydrogel inks of both high 
and low molecular weight 
 
4.3.2 Drop Characterisation 
Drop visualisation studies were carried out and analysed with the DropWatch software. This 
software allowed for the quantification of the total drop volume ejected, which is vital 
information to have, particularly if this technology is employed for incorporating drug 
substances or bioactive materials into hydrogels. From these visual studies, it was possible to 
detect satellite drops during printing and monitor their progress over the duration of drop 
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formation. These drops are not inherently bad as long as they re-combine with the parent drop 
before hitting the substrate. It is worth noting, that at all opening times and pressures studied, 
the drops had the same shape and tailing effect. However, the recombination of the satellite 
drops into the main drop was observed upon optimisation of the opening time and applied 
pressure. At lower opening times and pressures the shape of the drop was observed to be long 
and cylindrical while leaving the mouth of the nozzle. This elongated drop eventually detaches 
from the mouth of the nozzle, and while initially it keeps its long cylindrical shape and tail, 
eventually portions of the tail break into smaller satellite drops. This was rectified by increasing 
the opening time and pressure. For the PHEMA ink, with an opening time of 193 μs the average 
drop volume was found to be 30.2 nL At this opening time and a pressure of 230 mbar, drop 
formation occurred without spraying or excessive tailing. As the drop emerges from the mouth 
of the nozzle, the shape observed can be described as being smooth oval or round with a long 
tail. When the drop leaves the nozzle however, the tail breaks into smaller satellite drops as 
seen in Figure 4.3 for PHEMA. The satellite drops however are seen to recombine into the 
main drop before it reaches the substrate. The same was observed for 2-MAS seen in Figure 
A7   




Figure 4.3. Representative drop visualisation montage of PHEMA printed at 230 mbar and 193 μs opening time. Illustrating the progression of 
drop formation and drop volume over time. Time stamp for the first drop is 1200 μs and the final drop is 3050 μs. 
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4.3.3 Swelling Properties  
Hydrogels are characterised by their ability to hold water and aqueous solutions to a certain 
degree depending on the type of hydrogel. Thus, the swelling properties of PHEMA were 
obtained for both drop casted samples and printed samples. The swelling ratio of the PHEMA 
used in this study was found to have an average swelling ratio (S/R) of 4 % when samples were 
casted onto glass and swelled for 48 hours. When compared with sampled which were printed, 
it was seen that the swelling ratios remained relatively unchanged, thus demonstrating that 
employing the use of the printer does not adversely affect the swelling properties of the 
PHEMA hydrogel film formed post printing. The swelling ratio was calculated according to 
equation 3.1. Where Wi is the initial weight of the hydrogel film prior to swelling and Wf is the 
weight of the swollen hydrogel.   
 
Figure 4.4. Graph illustrating the swelling behaviour of PHEMA films formed by drop casting 
and PHEMA films formed by inkjet printing.( Error bars± mean SD, n=3) 
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4.3.4 Fabrication of Poly(HEMA)-Poly(MAS) (PHEMA-PMAS) 
Electroactive Hydrogels 
4.3.4.1 Inkjet Printing of the Electroactive Hydrogel 
As illustrated in the previous section, inkjet printing is a facile method of additive 
manufacturing which can be used to fabricate biomaterials. In this section, inkjet printing was 
incorporated into the fabrication process of an electroactive hydrogel blend. The approach 
proved to be uncomplicated and allowed for the seamless fabrication of the pHEMA-pMAS 
hydrogel. Based on the method development carried out in Section 4.3.1, the inkjet printer was 
used to fabricate a hydrogel infused with the monomer of an electroactive polymer, PMAS. 
PMAS was selected due to its water soluble nature By employing the use of the inkjet printer, 
it was possible to use pHEMA hydrogel to modify the electrode with precise dimensions and 
in a controlled manner. The use of the printer also allowed for the quantified incorporation of 
the monomer into the hydrogel, thus eliminating the need to rely on physical processes such as 
mixing, or diffusion when incorporating the monomer into the hydrogel. This was a way to 
address the problem of uneven distribution of electroactive polymers within hydrogels. This is 
an issue seen in many conventional set-ups, whereby the electroactive polymer is not evenly 
distributed throughout the matrix of the hydrogel post polymerization. The use of the printer 
also provided a means for the potential incorporation of APIs or bioactive components into an 
electroactive hydrogel, in a precise and controlled manner.  
 
Figure 4.5 Schematic representation of the deposition of the PHEMA and the 2-MAS ink 
from the nozzle of the inkjet printer onto ITO coated glass. 
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To introduce the electrochemical component into the hydrogel two approaches were initially 
investigated. In the first approach, making use of the optimised printing parameters, pHEMA 
was printed onto the electrode (ITO coated glass). Subsequently, the modified ITO electrode 
was immersed in a solution of the monomer 2-MAS and the electrolyte salt for between 12-24 
hours to allow the hydrogel swell and attain maximum swelling. Finally, when the hydrogel 
was swollen with monomer and electrolyte salt, it was set up in a three-electrode cell and 
electro-polymerization carried out. This method proved easy to manage and the subsequent 
electro-polymerization occurred quite readily. However, this was quite time consuming and on 
many occasions the electro-polymerized PMAS did not cover the entirety of the hydrogel. Also, 
there was no easy way to quantify how much monomer was in the hydrogel prior to 
polymerization. Thus to combat this shortcoming, a second approach was investigated.  
In this approach, the hydrogel and the monomer were printed onto the ITO electrode. With 
optimised parameters, alternating layers of the monomer 2-MAS, and the hydrogel ink 
pHEMA, were printed onto the electrode, ITO coated glass. This approach allowed for the 
complete embedment of the monomer within the hydrogel and allowed for quantification of 
the monomer if so desired. The printing settings used for the monomer allowed for its sufficient 
deposition throughout the hydrogel, without aggregation of the monomer arising in certain 
areas. Images of the modified working electrode showed a homogenous distribution of the 
monomer and hydrogel on a macro level. This is key for the subsequent electro-polymerization 
step. By employing the use of the printer to incorporate 2-MAS into the hydrogel, it was 
possible to quantify the monomer within each hydrogel film formed while also reduce the time 
spent on fabricating the hydrogel. 
 




Figure 4.6 A) Schematic of inkjet-printed pHEMA-2-MAS hydrogel blend prior to electro-
polymerization, B) Image of inkjet-printed pHEMA-2-MAS hydrogel blend on ITO prior to 
electro-polymerization 
 
Owing to the differences in the rheological properties of the inks, two different nozzle sizes, 
the SMLD 300 with smaller nozzle diameter of 0.15 mm and the SMLD 300G with the larger 
diameter of 0.30 mm, were used for 2-MAS and pHEMA respectively. Both pHEMA and 
PMAS printing parameters were optimised prior to fabrication of the hydrogel blend. This 
optimisation was vital for the seamless integration of the polymers. Drop visualisation studies 
carried out on the inks were used to characterise the individual drops, and the suitable printing 
parameters i.e. pressure and opening times. The results from drop visualisation studies allowed 
for the optimal pressure and opening time combinations. This was found to be an opening time 
and pressure of 193 μs and 230 mbar for pHEMA and 95 μs and 190 mbar for 2-MAS 
respectively. These parameters were found to produce droplets with minimal satellite drop 
formation. Following the optimisation of the opening time and pressure, the line and point 
spacing where optimised as seen in Table 4.6 
As deduced from the work carried out in Section 4.3.1, it was essential to achieve a line and 
point spacing that would allow for minimal overlap between each individual drop. It was also 
crucial that the drying time be optimised for each layer. With the introduction of 2-MAS into 
the printing process, there was need for longer drying times as the 2-MAS ink was made from 
an aqueous solution and was less viscous than pHEMA. The longer drying time between each 
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layer resulted in two things; the previous pHEMA layer solidifying enough to hold the weight 
of the 2-MAS drops and the 2-MAS drops experiencing minimal bleeding between themselves. 
With these parameters it was possible to minimise and eliminate the visual appearance of the 
coffee stain effect, thus allowing for uniform film formation. This was found to be crucial for 
uniform electro-polymerization and is explained in detail in the next section 
 
4.3.4.2. Electrochemical polymerization of PMAS within Hydrogel Matrix on ITO  
Electrochemical deposition of PMAS within the hydrogel was carried out by CV, in a 
conventional three-electrode set-up illustrated in Figure 4.7. One of the key things worth 
noting is the water solubility of PMAS and its monomer. This allowed the electro-
polymerization to take place readily in a completely aqueous environment, which proved to be 
an added advantage. In the initial electro-polymerization set up, the electrochemical cell was 
equipped with the three electrodes and an electrolyte solution containing the monomer 2-MAS. 
The electro-polymerization occurred quite readily with uniform film formation. However, this 
set up raised a question of, is the electro-polymerization facilitated by the monomer present 
within the hydrogel or from the monomer in the solution. It also raised the question of, since 
the monomer is incorporated into the hydrogel before electro-polymerization, would it be 
possible to run the electro-polymerization in the absence of the monomer in the electrolyte 
solution. Thus, the approach was modified to carry out the electro-polymerization from an 
electrolyte solution containing just the electrolyte salt.  
 
Figure 4.7 Schematic representation of three-electrode set-up used for electrochemical 
polymerization of pMAS within pHEMA hydrogel. 
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Electro-polymerization experiments run with 2-MAS incorporated into the hydrogel film prior 
to electro-polymerization, and run in a solution of just the electrolyte salt showed that it was 
possible to run the electrochemical deposition from a solution of just electrolyte salt. Thus 
highlighting the fact that this set up affords a level of control over the formation of the 
electroactive polymer not present in conventional set ups. It was observed that because the 
electrolyte solution was aqueous, pHEMA was able to absorb and swell in the electrolyte media 
allowing the electrolyte salt facilitate charge transfer and subsequent polymer formation. . 
Altogether, these results showed that polymerisation would occur in the absence of the 
monomer in the electrolyte salt. Showing that the hydrogel monomer in the hydrogel was 
sufficient to facilitate the electrochemical deposition. It is worth noting that because the PMAS 
is soluble in water, it polymerises and forms as a liquid. Thus it is appears as a free flowing 
liquid trapped within the hydrogels. 
 During the electro-polymerization process, the importance of uniform film formation and 
minimising the coffee stain effect during printing was further made apparent. When samples 
which exhibited the coffee stain effect and were not uniformly formed were electro-
polymerized, it was observed that the formation of PMAS would occur predominantly on the 
outskirts of the gel (predominantly were the solid content of 2-MAS and pHEMA was 
deposited). Furthermore, owing to the weakness of the centre of the hydrogels and the effects 
of gravity, the films were observed to detach from the electrode, resulting in a gaping hole in 
the centre as seen in Figure 4.8.  
 
Figure 4.8 Images of pMAS electro-polymerization in hydrogels printed with un-optimised 
settings resulting in the coffee stain effect. 
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Thus the optimisation of the printing proved to be essential for the formation of the EAH 
blend. Figure 4.9 illustrates this with the hydrogel formed showing no visible signs of the 
coffee stain effect both prior to and after electrochemical polymerization 
 
Figure 4.9 Images of A) Electrode modified with pHEMA and 2-MAS B) Electrode 
immediately after polymerization of pMAS within the hydrogel and C) Electrode after hydrogel 
has been dried of excess water. 
In all electrochemical systems, there are three ways by which mass transfer to the electrode 
occurs. The method by which mass transfer predominantly occurs in a system is essential for 
the electrodeposition process as it facilitates the movement of electrolyte salt and monomer to 
the electrode. With the system set up however, the influence of mass transfer on the movement 
of the monomer to the electrode, and its subsequent effect on forming the electroactive 
hydrogel is greatly reduced. This is a direct result of embedding the monomer into the hydrogel 
matrix before electro-polymerization. This embedment ensured that the monomer was already 
as close to the electrode as possible requiring only mass transfer of the electrolyte salt to 
facilitate the polymer growth. The improved connectivity of this system was observed when 
CV’s of the electro-polymerization of PMAS on bare ITO and PMAS on pHEMA-modified 
ITO were compared in Figure 4.10. The CV obtained during the electro-polymerization 
generated a higher current signal when compared to the CV of pure PMAS electro-polymerized 
from a solution of 2-MAS monomer and electrolyte salt on ITO coated glass. This is directly 
related to the proximity of the monomer and subsequent polymer to the electrode. In addition, 
because PMAS is water soluble, synthesising is within the matrix of a hydrogel created a means 
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to encapsulate the product, as it would otherwise go straight into the solution. Thus making this 
system a possible way to store or capture water soluble materials within a matrix. 
 
Figure 4.10 CV overlay of PMAS electro-polymerization within pHEMA hydrogel and directly 
on ITO electrode, from a solution of 0.1 M LiClO4 at 0.02 Vs
-1 scan rate from +0.1 to +0.9 V, 
highlighting the difference in intensity when polymerization occurs on within the hydrogel 
compared to when it occurs directly on the ITO  
4.3.4.3 Structural Characterisation of pHEMA-pMAS EAH 
Because pMAS is a derivative of polyaniline, its properties are similar to the parent PANi. 
The use of FTIR and SEM allowed for the structural and morphological characterisation of the 
hydrogel.  
 
Figure 4.11 Chemical structure of pMAS and pHEMA 
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The use of FTIR provided an easy way to analyse and confirm the chemical structure of the 
hydrogel formed. The FTIR spectra, Figure 4.12 A highlights the relevant peaks, which are 
present in the polyaniline derivative pMAS and in the pHEMA-pMAS blend. FTIR spectra of 
the PHEMA-PMAS hydrogels obtained were compared against the monomer 2.MAS, polymer 
PMAS and the hydrogel PHEMA. The IR absorption peaks at 1534 cm-1 and 1499 cm-1 in 
PMAS correspond to the quinoid and benzoid ring stretching deformations respectively, the 
band at 1283 cm-1 is associated with the C-N-C stretching vibration, and the band at 1235 cm-
1 corresponds to the C-N+ stretching vibration in the polaron structure, which is absent in the 
monomer (Figure A3). The band at 1158 cm-1 is associated with the vibration mode of the –
NH+ = in the emeraldine base , which is also absent in the monomer (Figure A3) and the band 
at 834 cm-1 is characteristic of the C-H out of plane deformation of 1,2,4-trisubstituted benzene 
rings and the peak at 883 corresponds to the S-O stretching. There is a general blue shift in the 
peaks observed in the pMAS-pHEMA hydrogel. This is seen in the following peaks as 1561 
cm-1 and 1484 cm-1 correspond to the quinoid and benzoid ring stretching with the former 
exhibiting a blue shift and the latter a red shift possibly indicating extended coil chains in the 
PHEMA-PMAS hydrogels (Piro et al. 2018).. The peak at 1273 cm-1 corresponds to the C-N+ 
stretching of the polaron structure. The band at 1244 cm-1 corresponds to the –NH+= of the 
emeraldine base and the peak at 899 cm-1 corresponds to the S-O stretching all of which are 
also blue shifted (Wei et al. 1996, Wu et al. 1999, Bhadra et al. 2010). This obvious blue shift 
in the values, are associated with the presence of the hydrogel and its interaction with the 
polymer. Figure 4.12 B shows the overlay of pHEMA and the pHEMA-pMAS hydrogel blend. 
The band in the range of 3100 cm-1 and 3600 cm-1 with a peak at 3387 cm-1 in pHEMA is 
characteristic of the stretching vibration of the –OH, hydroxyl group (Passos et al. 2016). The 
peaks in the range of 2850 cm-1 and 2950 cm-1 correspond to the-CH stretching vibrations of 
the –CH3, methyl and –CH2, methylene groups. The peak at 1718 cm
-1 corresponds to the 
carbonyl C=O stretching. These peaks are present in the pHEMA-pMAS hydrogel blend at 
3401 cm-1, 2850-2950 cm-1, and 1716 cm-1 respectively. 




Figure 4.12 FTIR spectra overlay of A) pMAS and pHEMA-pMAS hydrogel blend and B) 
pHEMA and pHEMA-pMAS hydrogel blend, highlighting peaks of interest.  
 
It is apparent from the FTIR spectra shown, that the pMAS forms as a network within the 
pHEMA hydrogel. The spectra shows a clear presence of the pMAS polymer which points to 
an embedded network of the hydrogel. It also highlights the fact that the system is semi-
interpenetrating network with the two polymeric networks maintaining their individual 
chemical structures at all times.  
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Table 4.4 Relevant peaks obtained from FTIR for PMAS-PHEMA  
Bond Type PHEMA PMAS PMAS-PHEMA 
(ITO) 
Quinoid - 1534 1561 
Benzoid - 1499 1484 
C-N-C stretching - 1283* - 
C-N+ - 1235 1273 
NH+ - 1158 1244 
C-H out of plane 
deformation 
- 834 850** 
S-O stretching - 883 899 
OH stretching 3064-3658 - 3100-3600 
CH stretching of 
methyl group CH3 
2850 - 2850 
CH stretching of 
methylene group CH2 
2950 - 2950 
C=O stretching 1718 - 1716 
*1342-1266 aromatic amine stretching **880-810 trisubstituted ring (Yue and Epstein 1990) 
 
The optical microscope and SEM images in Figure 4.13 A and B obtained also reinforce 
these findings. There is evidence of a network growing within the hydrogel, which can only be 
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attributed to the pMAS. Optical microscope images particularly, show a very clear picture of 
these networks as dendrite like structures within the hydrogel.  The formation of PMAS within 
the hydrogel appears to form in what can be seen as pockets with a nucleation site. These 
pockets then extend throughout the hydrogel forming networks in the hydrogel. A zoomed out 
image of these hydrogels shows these networks as spots within the hydrogel, almost a “Swiss 
Cheese” appearance. When these are viewed under SEM, the network of PMAS is observed 
like tracks throughout the hydrogel structure. These findings suggest that the two components, 
pMAS and pHEMA are indeed present in the hydrogel, and as a result of their individual 
compositions interact in a manner which makes them difficult to distinguish from each other.  
  




Figure 4.13 A) Optical microscope images of pHEMA-pMAS hydrogel blend showing pockets 
of pMAS (the darker portions of the images), surrounded by pHEMA (the lighter portions of 
the image) B) SEM images of A) pMAS, B) PHEMA, C-D) pHEMA-pMAS electroactive 
hydrogel from a top view highlighting the track-like appearance of PMAS within the hydrogel 
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4.3.4.4 Electrochemical Characterisation of pHEMA-pMAS EAH 
One of the most important characteristics of an electroactive hydrogel is the ability for the 
insulating hydrogel to retain some or all of the electroactive properties of the electroactive 
polymer present. The electroactivity of conductive polymers is realised in their redox 
characteristics. Therefore, to characterise the electroactivity of the PHEMA-PMAS hydrogels, 
cyclic voltammogram of the systems were obtained. As a derivative of polyaniline, the cyclic 
voltammetry of PMAS is similar to its parent PANI however, as hydrogels are insulating in 
nature, the presence of the pHEMA hydrogel provides a degree of interference, which affects 
the intensity and position of the peaks. Typically, there are two oxidation and reduction peaks 
in PANI based systems. In the PHEMA-PMAS hydrogels, the oxidation peaks are present at 
0.37 V and 0.85 V and the subsequent reduction peaks are present at 0.27 V and 0.88 V. These 
are assigned to the transition from leucoemeraldine to its radical cation and the radical to 
emeraldine respectively. The shape of the CV formed is similar to CV’s associated with aniline 
oligomers (short aniline polymers.). This is most likely due to the presence of short chain, or 
low molecular weight pMAS growing within the hydrogels.  




Figure 4.14 Representative characterisation CV of pHEMA-pMAS hydrogel fabricated on ITO 
modified electrode. CV obtained during electro-polymerization in 0.1 M HCl at a scan rate of 
0.05 Vs-1, from -0.2 to +1.0 V vs Ag/AgCl, illustrating the overall shape of the CV’s obtained 
from electroactive hydrogels formed  
 




In this chapter the fabrication of 3D hydrogels by inkjet printing was investigated. Results 
showed that this method is a facile method for producing controlled, homogeneous and 
reproducible hydrogel films. They also show that with the system employed and the method 
developed, it is possible to print difficult fluids, bio-inks and hydrogels by adjusting the 
printing parameter, thus increasing the range of materials which may be fabricated via inkjet 
printing. The method development proved to be a useful tool in understanding the printing 
process and provided a system which can be potentially used across multiple gel types to 
fabricate films and 3D structures. The ability to quantify and monitor the drop formation proved 
to be a promising advantage as it allows for the controlled incorporation of other components 
such as API’s or bioactive compounds into the hydrogel substrate. The use of the inkjet printer 
allowed for the development of a system which can be modified for the fabrication of different 
films with ease. Findings from this chapter highlighted the advantages of using an inkjet printer 
in fabricating an electroactive hydrogel. Result showed that it was possible to consistently form 
uniform films with the printer, a task which was not as easy to achieve without the printer. In 
addition, with optimised printing parameters, it was possible to trap the water soluble polymer 
PMAS within the structure, such that it did not leak into the surrounding electrolyte solution. 
Incorporating the monomer into the hydrogel prior to electro-polymerization resulted in better 
polymer growth within the hydrogel and better integration of the two polymeric components.  
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As mentioned previously, electroactive hydrogels have gained significant attention over the 
last two decades. This attention is a direct result of the potential applications they have in the 
biomedical field, some of which include organic bioelectronics, neural interfaces and 
electrically stimulated tissue engineering scaffolds (Winter et al. 2007, Zhong and 
Bellamkonda 2007, Longchao Li et al. 2015, Sayyar et al. 2015, Mawad et al. 2016, Feig et al. 
2018, Kim et al. 2018, Heo et al. 2019, Kleber et al. 2019, Wei et al. 2019). With the potential 
applications open to these materials, there is great scope in these materials to pave the way we 
treat and study neural systems.  
Electroactive hydrogels (EH’s) are created from blends of electroactive polymers and 
hydrogels and may be formed by a number of routes such as electrodeposition of an 
electroactive polymer within a hydrogel or chemical polymerization of an electroactive 
polymer within a hydrogel matrix. Both of these methods have their associated advantages, 
however electrochemical deposition is particularly advantageous for fabricating EH’s of 
different geometries and for the direct fabrication of EH’s on electrode surfaces (Justin and 
Guiseppi-Elie 2009, Facure et al. 2017). The ease of fabrication has made electrodeposition 
the most investigated route for fabricating EH’s directly on electrode surfaces and on complex 
scaffolds (Kim et al. 2000, Barthus et al. 2008, Cheong et al. 2014). 
Of the many routes that are employed for fabricating EH’s, the goal remains to form an 
interspersed, interpenetrating network (IPN) of the two components, the electroactive 
component and the hydrogel. As state earlier, an IPN is a system whereby one polymeric 
component is formed in the presence of the other component. Resulting in a system whereby 
both components retain their individual characteristics but cannot be separated without 
chemical methods (Lipatov 2002, Das 2013). Ultimately the goal is to fabricate a hydrogel with 
exceptional electroactive properties. However, there is still little knowledge on the factors that 
affect the electro-polymerization process and the electrochemical properties of a hydrogel, as 
most studies are application based, with the main aim being the fabrication of a system and not 
necessarily the optimisation and understanding of that process.   
Some studies, which focus on growing electroactive materials within hydrogel networks, 
have however  suggested that the formation of a hydrogel with this IPN can be influenced by 
the chemical properties of the hydrogel, particularly if the hydrogel has ionic properties or not. 
Electrochemical Growth of Aniline-Based Electroactive Polymers in Hydrogels
  Introduction 
117 
 
By immobilising dopant ions on the hydrogel backbone, the growth of the electroactive 
polymer is seen to improve throughout the hydrogel structure resulting in a more connected 
structure with improved electroactive properties (Justin and Guiseppi-Elie 2009, Green et al. 
2012, Pan et al. 2012, Cheong et al. 2014, Goding et al. 2017, Kleber et al. 2017). Many of the 
proposed approaches however to achieving these structures are time consuming and consist of 
multiple synthetic steps and the further chemical modification of one or more components of 
the electroactive hydrogel (Cui et al. 2013, Longchao Li et al. 2015, Mawad et al. 2016). Thus 
it is apparent that there is room for a better understanding of the factors that affect the growth 
of polymers in hydrogels, as this understanding will allow for a more tailored approach to 
development of such structures and can potentially make their fabrication less time consuming 
and complex. 
In this chapter, we investigate the factors that influence the electrochemical growth of 
electroactive polymers within hydrogel matrixes. Due to the water soluble nature of the 
electroactive polymer used in this study, this study focused solely on the properties influencing 
the electropolymerisation process and did not try to form a fully IPN hydrogel. This is achieved 
by growing water soluble sulfonated aniline derivative, 2-methoxyaniline-5-sulfonic acid (2-
MAS), in four different hydrogel scaffolds, pHEMA, PCA1, PCA4 and PCA7. Each of the 
hydrogels possess different physical properties and different chemical properties, thus allowing 
us examine how well the polymer grows within each of the scaffolds. PMAS polymerises as a 
free flowing liquid, which aided the polymerisation process, i.e. eliminating the solubility 
factor, however, it ultimately prevents the formation of an IPN with the hydrogels. PHEMA 
was utilized as a benchmark in the study, due to its widespread use in biomedical applications, 
such as soft contact lenses. A water soluble polymer was selected to eliminate external factors 
such as solubility of the monomer. In addition, preliminary studies on the electrochemical 
properties of the formed hydrogels were carried out to ascertain the effects, if any, of the 
pristine hydrogel on the electrochemical properties of the EAH formed. SEM and optical 
microscopy were used to characterise the morphological properties of the hydrogels formed. 
FTIR was used to assess the chemical structure of the hydrogels and confirm the presence of 
the electroactive component within the hydrogel network, and CV was used to assess the 
electrochemical properties of the electroactive hydrogels fabricated. 
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5.2.1 Materials   
Materials: 2-methoxyaniline-5-sulfonic acid (MAS) purchased from Tokyo Chemical 
Industry (TCI) (United Kingdom), poly(2-hydroxyethyl methacrylate) (pHEMA) 20,000 Mw, 
lithium perchlorate salt (LiClO4), purchased from Sigma Aldrich (Ireland) methanol (MeOH) 
purchased from VWR (Ireland), poly(acrylic acid -cysteine-acrylate) (PCA) hydrogels 
synthesized in Chapter 3. Screen-printed electrodes (SPE) on PET, ink layers of silver/silver 
chloride, carbon and dielectric, obtained from GSI technologies (United States of America) 
and Metrohm DropSens (Spain). 
 
5.2.2 Instrumentation  
Electrochemical Synthesis and Analysis: All electrochemical synthesis and 
characterisation were performed on CH Instruments Electrochemical Analyser, specifically 
either a CHI620 or a CHI8I02 Potentiostat. The electrochemical setup utilised in this study, 
was adapted to suit the use of screen printed electrodes. The screen printed electrodes were 
mounted onto a PalmSens screen printed electrode connector. The electrodes themselves 
consisted of a carbon working electrode, a dielectric counter electrode and an Ag/AgCl 
reference electrode.   
Imaging: Images of the polymers encapsulated within the hydrogels were obtained via 
scanning electron microscopy (SEM). SEM images were obtained through a CarryScope JCM-
5700 SEM, with an accelerating voltage of 5kV. Preliminary images of the polymers 
encapsulated within the hydrogels were obtained using an optical microscope, Zeiss AXIO 
Imager .A1m.  
Structural Characterisation: Structural characterisation of samples were confirmed via 
Fourier transform infrared (FTIR) spectroscopy using a Nicolet iS50 FTIR spectrometer. 
Attenuated total reflection (ATR) mode was used on all samples. This mode eliminated the 
need for post modification and tedious samples preparation. FTIR spectra for all samples were 
obtained without any modifications to the samples. 
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5.2.3 Fabrication of pHEMA-pMAS Electroactive Hydrogel 
5.2.3.1 Modification of Screen Printed Electrode with PHEMA Hydrogel 
Screen-sprinted electrodes from DropSens/GSI were modified with 14.5% pHEMA and 0.1 
M 2-MAS monomer for this work. The electrode consisted of a 4 mm-diameter, working 
electrode made of gold for DropSens electrodes and carbon for GSI electrodes (preliminary 
polymer growth was carried out on DropSens electrodes, further studies and characterisation 
was carried out on GSI electrodes). The hydrogel and monomer were drop casted directly onto 
the working electrode. Electrode modifications followed this sequence; alternating layers of 
pHEMA and 2-MAS were deposited onto the working electrode. The deposition of the 
hydrogels and monomer followed a similar approach to that employed during printing (See 
Chapter 4), with time allowed for drying between each layer deposited. Table 5.1 below show 
the parameters used. 
Table 5.1 Parameters used in the modification of SPE with pHEMA and 2-MAS 




Total  Layers 
Deposited 
pHEMA 20 30 3 
2-MAS 10 60 3 
 
5.2.3.2 Electro-polymerization of PMAS within pHEMA Hydrogel 
The set-up utilised for this work consisted of a screen-printed electrode with the supporting 
electrolyte deposited on the modified working electrode.  
To adapt the electro-polymerization to suit the screen-printed electrode, the modified 
screen-printed electrode was mounted on a PalmSens SPE connector and all electro-
polymerization took place directly on the electrode. A 50 μL aliquot of the supporting 
electrolyte, 0.1 M LiClO4, was deposited directly onto the hydrogel-modified working 
electrode. Polymer growth within the hydrogel was facilitated by cyclic voltammetry. The 
potential range was from 0.1 V to 0.9 V, with a scan rate of 0.03 Vs-1. The formation of the 
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pMAS within the hydrogel was characterised by the appearance of a dark yellow colour within 
the hydrogel, which turned dark green as the polymerization proceeded. The number of scans 
employed resulted in a polymerization time of 20 minutes. 
 
5.2.4 Fabrication of PCA-PMAS Electroactive Hydrogel 
5.2.4.1. Modification of Screen Printed Electrode with PCA hydrogel 
Screen printed electrodes from DropSens were modified with PCA hydrogels synthesized 
in Chapter 3, and 2-MAS monomer in a manner similar to section 5.2.3.1. The dimensions 
and compositions of the electrodes were the same as the above section. Each of the three PCA 
hydrogel precursors and 2-MAS were drop casted directly onto respective SPEs. Subsequently, 
the hydrogels were photo cross-linked under UV light for 20 minutes. Electrode modification 
followed this sequence; alternating layers of a respective PCA hydrogel precursor and 2-MAS 
were deposited on the electrodes. A drying time was allowed between each deposited layer, 
after which samples were photo cross-linked. Table 5.2 shows the parameters used for each 
PCA hydrogel 
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Table 5.2 Parameters used in the modification of SPE with PCA hydrogels and 2-MAS 
monomer 






Total  Layers 
Deposited 
PCA1-PMAS 
PCA1 20 20 40 3 
2-MAS 10 - 60 3 
PCA4-PMAS 
PCA4 20 20 40 3 
2-MAS 10 - 60 3 
PCA7-PMAS 
PCA7 20 20 40 3 
2MAS 10 - 60 3 
 
5.2.4.2 Electro-polymerization of PMAS within PCA hydrogels  
In a similar manner to section 5.2.3.2, the modified working electrode was mounted on a 
PalmSens screen-printed electrode connector and all electro-polymerization took place directly 
on the electrode. A 50 μL droplet of supporting electrolyte 0.1 M LiClO4 was deposited directly 
onto the electrode. Polymer growth within the hydrogel was facilitated via cyclic voltammetry. 
The potential range was from 0.1 V to 0.9 V, with a scan rare of 0.03 Vs-1. The formation of 
pMAS within the hydrogel was characterised by the appearance of a dark yellow colour within 
the hydrogel, which turned dark green as the polymerization proceeded. The number of scans 
employed resulted in a total polymerization time of 20 minutes. 
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5.2.5 Structural Characterisation  
The structural and morphological properties of the pHEMA-pMAS and the PCA-pMAS 
hydrogel blends were characterised via SEM and FTIR analysis. Spectra were obtained in 
Absorbance mode and from a range of 400 to 4000 wavenumber after 32 scans. Samples for 
SEM were mounted onto SEM stubs using double-sided carbon tape. Following this, the 
samples sputtered with gold for approximately 45 seconds and were imaged under vacuum. 
 
5.2.6 Electrochemical Characterisation  
CV was employed in the electrochemical characterisation of the pHEMA-PMAS hydrogel 
and PCA-pMAS hydrogel. The electrochemical properties of the hydrogels were characterised 
making use of the PalmSens electrode holder. The CVs were run by depositing 40 μL of 0.1 M 
LiClO4 solution onto the pHEMA-PMAS hydrogels at room temperature. The potential range 
of −0.2 V to 0.9 V and a scan rate of 0.05 Vs-1 were used, 10 scans were carried out on all 
samples and the presence of the peaks were reproducible across the scans.  
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5.3 Results and Discussion 
The main aim of this chapter was to analyse and compare the growth of an electroactive 
polymer within different hydrogels and to determine the effect, if any, of the hydrogel structure 
on the electrochemical response of the formed electroactive hydrogels. To that end, four 
hydrogel systems were investigated and compared. PHEMA-pMAS, PCA1-pMAS, PCA4-
pMAS, and PCA7-pMAS. All four hydrogels exhibited different swelling ratios, different 
degrees of crosslinking and different chemical structures. The study was also carried out to 
determine how robust the electro-polymerization process carried out in Chapter 4 was. Would 
this electro-polymerization work on chemically synthesized hydrogels? Would 
photocrosslinking affect the process? 
 
5.3.1 Fabrication of Electroactive Hydrogels.  
In carrying out the comparative study between the PCA-PMAS and PHEMA-PMAS, PMAS 
was selected because of its water soluble nature of both the monomer and polymer. This would 
potentially lead to better electropolymerisation as it would eliminate the solubility factor when 
assessing the properties of the hydrogels. However, the water soluble nature of PMAS also 
means that when it polymerises within a hydrogel, it does so as a liquid trapped within the 
matrix of the hydrogel. This was observed with the PHEMA-PMAS printing study and 
ultimately means that due to the nature of the polymer itself an IPN is not formed, instead a 
semi-IPN is formed. However for the purpose of this study, this was not considered a problem, 
as the study focused on the polymerisation rate/ease and the properties of the hydrogel formed. 
PHEMA proved a suitable hydrogel to compare the PCA hydrogels to owing to its vastly 
different chemical and physical properties when compared to the PCA hydrogels. Moreover, it 
is one of the most commercially available hydrogels and for this study represented the “model” 
commercially available hydrogel for biomedical applications. . 
In general, all four electroactive hydrogels were fabricated via the same approach. Drop 
casting was used to facilitate the deposition of the monomer and hydrogels onto the electrodes. 
Screen printed electrodes (SPE’s) were used for this study owing to their small size, which 
allowed for smaller volumes to be used during the drop casting and the electro-polymerization 
process. PHEMA-pMAS hydrogels were formed in a layer by layer approach similar to that 
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used during the inkjet printing in Chapter 4. Alternating layers of pHEMA and 2-MAS were 
deposited onto the SPEs, with a drying time interval allowed between each layer. The PCA-
pMAS hydrogels were formed in a similar layer by layer approach. Alternating layers of the 
PCA hydrogel precursors and pMAS were deposited onto the electrodes with a drying time 
between each layer. Following this, the PCA hydrogels were crosslinked under UV light for 
20 minutes. 
 
Figure 5.1 A) Schematic representation of screen printed electrodes and B) Picture image 
of screen printed electrode with hydrogel-modified working electrode 
 
5.3.2 Electrochemical Polymerization of PMAS within hydrogel matrix  
Electroactive polymers are known to be difficult to polymerize uniformly within hydrogels, 
and a number of factors are thought to influence this. Some of which include, the chemical and 
physical structure of the hydrogels and the crosslinking density. To access this, pMAS was 
electrochemically polymerized within PHEMA, PCA1, PCA4 and PCA7 hydrogels (PCA 
hydrogels were synthesized in Chapter 3 of this work). PMAS was selected owing to its water 
soluble nature, which would theoretically allow it readily diffuse into the hydrogel, facilitating 
the electro-polymerization process. Each of the four hydrogels analysed have different 
chemical structures and different crosslinking densities. The degree of crosslinking was 
inferred from their respective swelling ratios, with PHEMA having the lowest swelling ratio 
of less than 10% and PCA1 having the highest swelling ratio of over 100%.  
To facilitate the electro-polymerization process, 50 μL of the electrolyte solution was 
deposited directly onto the working electrode. The polymerization of pMAS within pHEMA 
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occurred with the direction of pMAS growth occurring from the outside of the electrode to the 
inside. The formation of the yellow/green colour appeared within the hydrogel after a few cycle 
scans. The relative ease of the polymer growth is attributed to the close proximity of the 
monomer to the electrode and the large surface area of the working electrode on the SPE. The 
growth of pMAS in pHEMA was monitored via CV. The appearance of two oxidation and a 
reduction peak at 0.21 V, 0.51 V and 0.26 V respectively were observed at the start of the initial 
polymerization, however, as the polymerization proceeded, the first oxidative peak disappears 
and is replaced by a new one at approximately 0.45 V and a reduction peak at 0.39 V. This is 
attributed to the formation of the polymer within the hydrogel. The ease of electro-
polymerization within the three PCA hydrogels (PCA1, PCA4 and PCA7) were also 
investigated in a similar manner. The oxidation and reduction peaks were slightly shifted for 
PCA-pMAS hydrogels. PCA1-pMAS showed two oxidation peaks at 0..25 V and 0.69 V, as 
the polymerization proceeded, both peaks are observed to reduce in intensity, particularly the 
peak at 0.25 V. PCA4-pMAS showed three oxidation peaks at 0.22 V, 0.38 V and 0.76 V, again 
as the polymerization proceeded, the peak at 0.38 V disappeared with the peak at 0.76 V being 
slightly shifted to 0.72. PCA4-pMAS showed three oxidation peaks at 0.19 V, 0.34 V ad 0.75 
V respectively, as the polymerization proceeded, the peak at 0.34 V disappeared and the peaks 
at 0.19 V and 0.75 V were slightly shifted to 0.22 V and 0.70 V respectively. PMAS was 
observed to electro-polymerize quite readily within all three PCA hydrogels, and at a faster 
initial rate than within the pHEMA hydrogel. With the PCA hydrogels, the presence of a green 
colour was observed to form in the otherwise transparent hydrogels almost immediately the 
potential was turned on, whereas in pHEMA it went through a number of scan cycles before 
the appearance of pMAS could be seen in the hydrogel. This rapid formation of PMAS within 
the PCA hydrogels, can be attributed to the low degree of cross-linking and branching present 
in the PCA hydrogels when compared to pHEMA. As the polymerization progressed, within 
all the hydrogels, it was observed that the corresponding current response reduced. This 
occurrence is typical during electrodeposition, as more polymer being deposited covers the 
electrode surface reducing the current response. Figure 5.2 highlights these observations. 
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Figure 5.2 CV's obtained during electro-polymerization in 0.1 M LiClO4 at a scan rate of 
0.03 Vs-1, from +0.0 to +0.9 V vs Ag/AgCl, highlighting the changes in the peaks on the graphs 
as polymerization occurred in A) PCA1-pMAS, B) PCA4-pMAS, C) PCA7-pMAS and D) 
pHEMA-pMAS 
PHEMA is part of the group of hydrogels which have moderate to poor swelling abilities 
(Mabilleau et al. 2006), and in this study, it exhibited a swelling ratio of less than 10% 
indicating that the hydrogel is densely packed and highly cross-linked (Davis and Huglin 1991, 
Chiellini et al. 2002, Mabilleau et al. 2006). This means that it will hold less than 10% of the 
electrolyte solution introduced during the electro-polymerization and will also take a much 
longer time for the hydrogel network/pores to open up and allow for the diffusion and 
dispersion of the electrolyte throughout the hydrogel. The PCA hydrogels on the other hand, 
all have a swelling ratio of more than 90% and reach maximum swelling at a much faster 
swelling rate. This implies that their structures are less cross-linked, implying easier mobility 
of the electrolyte solution. In addition, it also means that these hydrogels are able to hold more 
electrolyte solution and thus can facilitate more polymer growth and at a faster rate. The 
appearance of an oxidative peak attributed to the presence of the monomer was also observed 
in the PCA-pMAS hydrogels between 0.69 V and 0.76 V as shown in Figure 5.2. This peak 
was seen to significantly decrease in intensity as the polymerization proceeded and monomer 
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was consumed, with the appearance of a new peak forming at around 0.25 V and attributed to 
the formation of the polymer. It is worth noting that by incorporating the monomer into the 
hydrogel before polymerization, it was possible to introduce a level of control into the system, 
such that it is possible to say the polymerization within the hydrogels are being facilitated by 
the electrolyte only, and the polymer growth is not being influenced by additional monomer 
being introduced during the polymerization. 
 
5.3.3 Structural and Morphological Characterisation of Electroactive 
hydrogels  
As pMAS is a derivative of polyaniline, it is expected to have similar properties to that of 
its parent PANi. FTIR was used to determine if the hydrogels actually contained pMAS and to 
confirm that the chemical structure of pMAS remained unchanged within the hydrogels. FTIR 
is a quick and easy way to confirm the chemical structures of the hydrogels, as the samples do 
not require any type of modification prior to analysis. FTIR spectra were obtained for the 
monomer MAS, the polymer pMAS, the hydrogel pHEMA and each of the PCA hydrogels. 
Figure 5.3 is an overlay of the spectra of pHEMA-pMAS hydrogel and pMAS. The IR 
absorption peaks at 1534 cm-1 and 1499 cm-1 in PMAS correspond to the quinoid and benzoid 
ring stretching deformation respectively. The band at 1283 cm-1 is associated with the C-N-C 
stretching vibration and the band at 1235 cm-1 corresponds to the C-N+ stretching vibration in 
the polaron structure, this peak is absent in the monomer but present in the polymer and 
hydrogel formed. The band at 1158 cm-1 is associated with the vibration mode of the –NH+= 
in the emeraldine base, also absent in the monomer 2-MAS (Figure A3) and the band at 834 
cm-1 is characteristic of the C-H out of plane deformation of 1,2,4-trisubstituted benzene rings. 
Finally, the peak at 883 cm-1 corresponds to the S-O stretching (Wei et al. 1996, Wu et al. 
1999, Bhadra et al. 2010). These peaks are generally blue shifted in the pHEMA-pMAS 
hydrogel with some of them not appearing. This is a normal occurrence when polymers are 
blended with other materials such as hydrogels, as the physical and chemical interactions 
sometimes cause a shift in the peaks. The peak at 1452 cm-1 corresponds to the benzoid ring 
stretching deformation and is red shifted, a trend observed in the PHEMA-PMAS hydrogels 
synthesised in the previous chapter. The band at 1251 cm-1 is associated with the vibration 
mode of the –NH+= in the emeraldine base and the band at 854 cm-1 is characteristic of the C-
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H out of plane deformation of 1,2,4-trisubstituted benzene rings, and the peak at 902 cm-1 
corresponds to the S-O stretching. 
 
 
Figure 5.3 FTIR spectra overlay of pHEMA-pMAS hydrogel and pMAS, highlighting peaks 
of interest 
 
 Table 5.6 highlights all the relevant peaks including the peaks for the hydrogel pHEMA. It 
is apparent from the FTIR spectra obtained for the pHEMA-pMAS hydrogels that the electro-
polymerization process leads to the formation of a network of pMAS within the pHEMA, as 
the spectra show the clear presence of pMAS pointing to the embedment of the polymer in the 
hydrogel network. This highlights the fact that the systems formed are semi-interpenetrating 
networks with the two polymeric networks maintaining their individual chemical structures at 
all times.   
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Table 5.3 Relevant peaks obtained from the FTIR for pHEMA-pMAS hydrogels, showing 











Quinoid - 1534 - 
Benzoid - 1499 1452 
C-N-C stretching - 1283*  
C-N+ - 1235 1273 
NH+ - 1158 1251 
C-H out of plane 
deformation 
- 834 854** 
S-O stretching - 883 902 
CH stretching of 
methyl group CH3 
2850 - 2855 
CH stretching of 
methylene group CH2 
2950 - 2928 
C=O stretching 1718 - 1707 
*1342-1266 aromatic amine stretching **880-810 trisubstituted ring (Yue and Epstein 1990) 
 
The structural characterisation of PCA-PMAS hydrogels showed similar results to the 
pHEMA-pMAS hydrogels. The FTIR spectra of the PCA-PMAS hydrogels were compared 
against PMAS and the monomer MAS (Figure A3). The main functional groups were present 
in the PCA-PMAS hydrogels, with the PCA-PMAS hydrogels all experiencing a general blue 
shift trend in wavenumber when compared to the monomer and polymer 2-MAS and PMAS 
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respectively. However, within each of the PCA-PMAS hydrogel they exhibited both blue and 
red shifts indicating possible differences in the degree of interactions between the hydrogels 
and PMAS The red shift in the benzoid peaks of PCA1-PMAS and PCA4-PMAS suggest 
structural changes with these hydrogels and indicate the formation of extended coil chains in 
the PCA1/PCA4-PMAS hydrogels when compared to the monomer and polymer respectively. 
The opposite is observed in PCA7-PMAS indicating the formations of limited coil chains of 
PMAS within the hydrogel structures. Overall, the general blue shift is not uncommon in 
electroactive hydrogels as the hydrogels interact with the polymer. Figure 5.4 highlight these 
findings. The main peaks seen for these hydrogels are observed between 1598 cm-1 and 1452 
cm-1 corresponding to the quinoid and benzoid ring stretching. The peaks between 1181 cm-1 
and 1187 cm-1 corresponding to the NH+ in the emeraldine base. These are blue shifted in 
PCA1/PCA4-PMAS and red shifted in PCA7-PMAS indicating a better interaction of the 
emeraldine base or more of that polymer state within the PCA1/PCA4-PMAS hydrogels when 
compared to PCA7-PMAS. The peaks between 811 cm-1 and 812 cm-1 corresponding to the C-
H out of plane deformation and are red shifted.  In addition to the significant blue shift observed 
in the PCA-pMAS hydrogels, some of the peaks are noticeably missing from the spectra, this 
is attributed to the overlap and interference caused by the presence of the PCA hydrogels. Table 
5.3 highlights all the relevant respective peaks for each of the PCA-pMAS hydrogels. 
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Table 5.4 Relevant peaks obtained for PCA-pMAS hydrogels, showing their bond type and 















Quinoid 1534 1558 1558 1551 
Benzoid 1499 1450 1450 1452 
C-N-C stretching 1283    
C-N+ 1235 1255 1257 1255 
NH+ 1158 1183 1186 1174 
C-H out of plane 
deformation 
834 813 812 810 
S-O stretching 883 - -  
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Figure 5.4 FTIR spectra overlay of PCA-pMAS hydrogels and pMAS highlighting peaks of 
interest 
 
The morphology of the hydrogels were observed via the use of optical microscopy and SEM 
images. Images for the pHEMA-pMAS hydrogels were difficult to obtain, particularly SEM 
images The SEM micrographs only revealed what appeared to be patches of the polymer within 
the hydrogel. The optical microscope images however in Figure 5.5, show the pHEMA-pMAS 
hydrogels as globules of pMAS trapped within the hydrogel. This type of architecture was 
particularly apparent around the edges of the hydrogel. Most likely a direct result of the free 
migration of liquid pMAS within the hydrogel before the structure completely dried out. This 
interesting morphology is attributed to the water soluble nature of pMAS. As a result, pMAS 
polymerizes as a liquid, and retains this liquid like appearance after the excess electrolyte 
evaporates post polymerization. This proposed liquid like nature of pMAS also explains the 
difficulty in identifying it throughout the hydrogel network when observed under the SEM. 
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Figure 5.5 Optical microscope images for pHEMA-pMAS hydrogels showing A-B) A 
zoomed out image of the edge of the working electrode, C) pockets of pMAS within the 
hydrogels and D) liquid-like morphology of the solid hydrogel 
 
Figure 5.6 shows the SEM images of the PCA-pMAS hydrogels. The challenges associated 
with the pHEMA-pMAS hydrogels are not apparent here, and this is possibly attributed to the 
chemical structure of the PCA hydrogels, which may lead to better interaction between the 
polymer and the hydrogel, making it easier to image. This is further discussed in the sections 
below. The SEM images obtained show a unique architecture for the PCA-pMAS hydrogels. 
They also hint to some sort of interaction taking place within the hydrogels. The images 
obtained for all PCA-pMAS hydrogels were similar, indicating that the differences in stiffness 
did not affect the morphology of these hydrogels in the same way that it affected pHEMA. 
From the images, the embedment of pMAS is quite apparent in the hydrogels in a very 
distinctive manner. In all instances, the hydrogel is seen as the darker portion and the polymer 
is the lighter portion of the image. The hydrogel appears to be coated in the polymer in a manner 
similar to a mountain coated in snow. 
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Figure 5.6 SEM micrographs of A) PCA1-pMAS hydrogel, B) PCA4-pMAS hydrogel and 
C) PCA7-pMAS hydrogel highlighting the presence of pMAS (the lighter portions spanning 
most of the images) within the PCA hydrogels (the darker track-like portions of the image). 
  
PCA1-pMAS appeared to have the most deposition of pMAS within the hydrogel, with 
PCA7-pMAS appearing to have the least. Nonetheless, all three were quite densely coated in 
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pMAS, particularly, when compared to the pHEMA-pMAS hydrogels. In the images obtained 
from the optical microscope, the presence of pMAS is once again easily observed in the 
hydrogels. As the hydrogel goes from being a translucent hydrogel to being a dark green 
hydrogel, once again confirming the marked presence of pMAS. 
Another interesting thing about the PCA-pMAS hydrogels was their physical structure after 
polymerization. While the pHEMA-pMAS hydrogels became hard and brittle once they had 
dried after polymerization, these PCA-pMAS hydrogels remained soft post polymerization and 
could be easily removed from the electrode, unlike pHEMA, making it easier to carry out 
imaging and structural characterisation on these materials. This finding, implies that while 
pHEMA-pMAS hydrogels would require storage in a highly humid or aqueous environment 
(which does not suit the nature of pMAS), the PCA-pMAS hydrogels can be stored readily 
under ambient conditions.   
 
5.3.4 Electrochemical characterisation of pHEMA-pMAS and PCA-pMAS 
hydrogels 
Cyclic voltammetry was used to characterise the electrochemical properties of the 
electroactive hydrogels formed. The shape of the curve generated for the pHEMA-pMAS 
hydrogels depicts a clearly quasi reversible reaction taking place during the electroactivity 
studies. From the CV’s obtained two peaks are observed, a well-defined oxidation and 
reduction peak observed at 0.37 V and 0.15 V respectively assigned to the leucoemeraldine salt 
and its radical ion and a less defined oxidation and reduction peak at 0.59 V and 0.66 V 
respectively, assigned to the redox activity between the radical cation and the emeraldine base.  
While all three PCA-pMAS hydrogels also showed a clearly quasi-reversible reaction taking 
place during the studies, the shape of the CV’s obtained from the PCA-pMAS hydrogels were 
distinctively different from that of the pHEMA-pMAS hydrogel. The CV’s of all three PCA-
pMAS hydrogels exhibited two, well-defined redox peaks, hinting to better redox activity 
within these hydrogels. They also produced a higher current signal response when compared 
to the pHEMA-pMAS hydrogels. The presence of these peaks indicate that these three PCA 
hydrogels not only retain the electroactive properties of pMAS but possibly enhance them, as 
is observed when comparing CV’s obtained for studies done with pMAS on ITO. PCA7-pMAS 
showed two clear oxidation peaks at 0.23 V and 0.63 V, with corresponding reduction peaks at 
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0.53 V and 0.19 V respectively. The two oxidation and reduction peaks observed for PCA4-
pMAS were seen at 0.20 V and 0.71 V, and 0.57 V and 0.15 V respectively. Finally, PCA1-
pMAS hydrogels presented its redox peaks at 0.23 V and 0.71 V, and 0.62 V and 0.09 V for 
oxidation and reduction peaks respectively 
 
 
Figure 5.7 Overlay of CV's obtained for pHEMA-pMAS and PCA-pMAS hydrogels during 
characterisation in 0.1 M LiClO4 at a scan rate of 0.05 Vs
-1 from -0.2 to +0.9 V vs Ag/AgCl. 
Highlighting the differences in the shape of the graphs and intensity of the peaks, particularly 
between pHEMA-pMAS hydrogels and PCA-pMAS hydrogels. 
 
The observed increase in the signal response seen in the overlay of the CV’s particularly 
between pHEMA-pMAS and the PCA-pMAS hydrogels, and between PCA1-pMAS, and 
PCA4-pMAS and PCA7-pMAS, and the improved redox activity seen between the PCA-
pMAS hydrogels when compared to the pHEMA-pMAS hydrogels  is most likely the result of 
two factors. The structural characterisation of the PCA hydrogels show that they are softer, and  
have a much higher swelling ratio, which occurs at a much faster rate when compared to 
pHEMA. This indicates that these hydrogels are less densely packed than pHEMA and have a 
lower crosslinking density, thus implying that it is most likely easier for any species to 
penetrate and move through the PCA hydrogel networks than it is pHEMA. As the current 
generated during polymerization is directly related to the amount of polymer present, it can be 
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assumed, that the softer and less packed nature of the PCA hydrogels allows for easier diffusion 
of electrolytes through the hydrogel, and easier movement of the monomer as it grows. 
Secondly, it is observed that within the PCA hydrogels there is also a marked difference in the 
intensity of the signals obtained, and the peak position particularly between PCA1-pMAS and 
the other two PCA-pMAS hydrogels. This is attributed to the chemical structure of the PCA 
hydrogels. When PCA1, PCA4 and PCA7 are compared to pHEMA, there is evidence that 
suggests that PCA hydrogels more ionic than pHEMA, owing to the presence of more charged 
groups across the PCA polymer backbone which are not present in pHEMA (Chiellini et al. 
2002). When the PCA hydrogels however, are compared to each other, evidence suggests that 
PCA1 has a higher concentration of ionic moieties present (see Section 3.3.1). However, its 
electrochemical response is much lower than PCA4 and PCA7. The work of Kleber et al and 
Goding et al, suggest that when analysing the chemical structure of a hydrogel used for 
electrochemical polymerization, it is not just the concentration of immobilised ions within a 
hydrogel that enhance the electro-polymerization process and properties, but the spacing and 
distribution of these ionic components (Goding et al. 2017, Kleber et al. 2017). Thus from the 
results observed, it is possible that while PCA1 may be more ionic, the distribution and spacing 
in PCA4 and PCA7 is such that it enhances the interconnectivity of the hydrogels and further 
promotes charge transfer and electrochemical activities within the hydrogels. Therefore these 
results suggest that there are at least two factors that will determine the ease of electrochemical 
polymerization. While the cross-linking density plays a significant role in the ease of 
electrochemical polymerization, the chemical structure and presence of immobilised ionic 
groups, has a significant effect on the electrochemical properties of the hydrogel, possibly 
affecting the ease of charge transfer within the electroactive hydrogel formed.  
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This chapter presented a preliminary investigation into the effects of hydrogel structure and 
properties on the ease of electro-polymerization within a hydrogel matrix and the effects on the 
electrochemical response on the electroactive hydrogel formed. Results showed that the 
hydrogel structure plays a significant role in the ease of polymer growth within a hydrogel. 
While it was possible to grow water soluble pMAS within the all four hydrogels, the polymer 
grew at a faster rate and with relative ease in PCA hydrogels when compared to pHEMA. This 
ease of growth was predominantly attributed to the crosslinking density of the hydrogels and 
the swelling ratio. While pHEMA has a swelling ratio of less than 10%, suggesting higher 
degree of crosslinking, PCA hydrogels all possessed a swelling ratio of more than 90% each, 
suggesting a lower degree of crosslinking. This is particularly of benefit as it allows for easy 
mobility of the monomer and ions to move through the hydrogel structure with ease and readily 
penetrates to the electrode surface initialising polymer growth. This softer and less dense 
structure is seen to particularly improve the rate and dispersion of the polymer growth within 
the hydrogel. Furthermore, results suggested that while the crosslinking density affects the ease 
of polymerization, the chemical structure significantly affects the electrochemical response of 
the electroactive hydrogels (EAHs). All PCA-pMAS hydrogels, which we believe to be ionic 
in nature, were observed to have a much better electrochemical response than the pHEMA-
pMAS hydrogel which is not ionic. Moreover, amongst the three PCA-pMAS hydrogels, it was 
observed that PCA4-pMAS and PCA7-pMAS exhibited better electrochemical responses than 
PCA1-pMAS. This behaviour was attributed to the chemical structure of the individual 
hydrogels, and findings which suggest that the distribution of ionic moieties within the PCA4 
and PCA7 favour electrochemical responses. Altogether, the results suggest that both the 
physical and chemical properties of a hydrogel will influence not just the ease of 
polymerization, but also the electrochemical properties that the EAH formed possesses. As 
such when selecting and synthesising hydrogels for use in the formation of EAHs it is 
paramount that the properties of the hydrogel are considered, as these will either enhance the 
electrochemical properties of the hydrogel or diminish them. The findings from this Chapter 
highlight the importance of hydrogel selection in the formation of electroactive hydrogels and 
showcase the extent to which the chemical structure can affect the overall properties. In the 
case of the PCA hydrogels, their ionic nature and exceptional swelling ability were the key 
contributors which led to the successful formation of the electroactive hydrogels.  
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As discussed in chapter 5, over the years, researches have investigated numerous approaches 
to synthesize or fabricate EAHs in a manner which maintains the integrity of the individual 
components i.e. the hydrogel and electroactive polymer (Guiseppi-Elie 2010). Some of the 
earlier methods were quite simple and involved swelling a hydrogel with a solution or 
dispersion of an electroactive polymer over a period of 48 or more hours. However, this 
approach proved inefficient, as the electroactive component of the electroactive hydrogels 
(EAH) could easily leach out of the hydrogel over long time periods (Stejskal 2017). Thus 
proving a risk for in vivo and in vitro applications. As research has advanced, it has become 
clear that to obtain an ideal conductive or electroactive hydrogel, a seamless blend made from 
a network of a conductive polymer within a hydrogel must exist. 
Electrochemical polymerization of an electroactive polymer within a hydrogel has arisen as 
one of the ways to achieve this. It is a much quicker approach and is less tedious than others 
synthetic routes. In addition, it is quite easy to visually determine if the electroactive polymer 
is forming through the hydrogel (Gray et al. 2012, Ido et al. 2012). However, there are 
drawbacks associated with using electrochemical deposition to form EAH’s. Most 
electroactive polymers are only soluble in organic solvents, or are sparingly soluble in aqueous 
solvents. As a result, the polymerization can only be carried out in organic solvents, which may 
dissolve the hydrogel, or at low concentrations in aqueous systems which is known to 
negatively influence the electroactive properties of electroactive polymers. In addition, during 
electro-polymerization, the deposition and growth of the electroactive component is oftentimes 
observed to occur only on the surface of the electrode and not throughout the hydrogel 
structure. 
Poly(3,4-ethylenedoxythiophene) (PEDOT) is one of the most researched electroactive 
polymer used in the formation of EAHs due to its excellent electroactivity, its ease of synthesis 
and its biocompatibility. It is especially attractive for its use in electroactive scaffolds for tissue 
engineering and neural interfaces/coatings (Green et al. 2010, Lu et al. 2012, Boehler et al. 
2017, Goding et al. 2017, Lu et al. 2019, Wang et al. 2019). However, EDOT, like most 
monomers of electroactive polymers is sparingly soluble in water making it difficult to carry 
out its synthesis in aqueous media, which is the preferred media for hydrogels. To combat this 
problem, most researchers work with a mixture of EDOT and PSS, the presence of polystyrene 
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sulfonate (PSS) makes the monomer more soluble, allowing for the formation of a dispersion 
thus the reaction can take place in aqueous media. However, PSS is also known to be cytotoxic 
to cells (Miriani et al. 2008). 
Considering the aforementioned drawbacks an ideal system for EAH fabrication would 
comprise of the following. The hydrogel of choice should be; resistant (to some degree) to 
organic systems, have a medium to high degree of swelling and be biocompatible. The 
electroactive polymer on the other hand should be relatively biocompatible, have excellent 
electrochemical properties, and be dispersible or soluble in an organic/aqueous media mix.  
This chapter poses a solution to the drawbacks associated with electrochemically forming 
EAH’s and looks at the in-situ electro-polymerization of PEDOT within PAA-Cys-AA (PCA) 
hydrogels synthesized in Chapter 3 of this thesis. These hydrogels possess exceptional 
swelling properties, are biocompatible and support cell adhesion and proliferation without the 
need for surface modifications with bioactive molecules. They are also resistant to organic 
solvents such as methanol and acetonitrile and possess tuneable mechanical and swelling 
properties. The processable nature of these hydrogels means they can be casted onto the desired 
electrode on a micro or macro scale. In addition, this chapter further investigates the possible 
effects a hydrogel structure will have on the electrochemical properties of the EAH formed. 
Findings from chapter 5 suggested that the mechanical properties of hydrogels, i.e. the stiffness 
and crosslinking density has a significant effect on the growth of polymers within hydrogels. 
In addition, they also suggested that the chemical structure of the hydrogel will impact and 
influence the electrochemical properties of the EAH formed. Building on these findings, EAHs 
were synthesized by electrochemical polymerization in a three-electrode set-up. PEDOT was 
selected owing to its ease of synthesis, its biocompatibility and its well-known redox properties. 
The electrochemical system employed the electrodeposition of PEDOT from an 
Acetonitrile/water mix, which allowed for the formation of PEDOT without sacrificing its 
electroactive properties. The properties of the EAHs were characterised by SEM, FTIR, XPS, 
electrochemical impedance spectroscopy (EIS) and CV  
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6.2.1 Materials  
Materials: Lithium perchlorate salt (LiClO4), and tetrabutylammonium perchlorate salt 
(TBAClO4) purchased from Sigma Aldrich (Ireland) acetonitrile (ACN) and methanol (MeOH) 
purchased from VWR (Ireland), poly(acrylic acid  -cysteine-co-acrylic acid) (PCA) hydrogels 
synthesized in Chapter 3. Indium tin oxide (ITO) coated glass, surface resistance 70-100 Ω/sq 
slide and 3,4-ethylenedioxythiophene (EDOT) obtained from Sigma Aldrich (Ireland).  
 
6.2.2. Instrumentation 
Electrochemical Synthesis and Analysis: All electrochemical synthesis and 
characterisation were performed on CH Instruments Electrochemical Analyser, specifically 
either a CHI620 or a CHI8I02 Potentiostat were used in this study.  The electrochemical setup 
comprised of a three-electrode electrochemical cell consisting of ITO-coated glass as the 
working electrode, a platinum wire as the counter electrode and a reference electrode of Ag/Ag+ 
for polymer synthesis in non-aqueous media and Ag/AgCl for characterisation in aqueous 
media. 
Electrochemical Impedance Spectroscopy (EIS): EIS measurements were performed in 
PBS (10mM, pH 6.8) at room temperature using the Frequency Response Analyser (FRA) on 
a BioLogic BCS 805 Battery Cycler workstation in potentiometric mode. A platinum counter 
electrode and the modified working electrode were utilised.  
Imaging: Images of the polymers encapsulated within the hydrogels were obtained by 
scanning electron microscopy (SEM). SEM images were obtained through a CarryScope JCM-
5700 SEM, with an accelerating voltage of 5kV.  
Structural Characterisation: Structural characterisation of samples were confirmed by 
Fourier transform infrared (FTIR) spectroscopy and X-ray Photoelectron Spectroscopy (XPS). 
FTIR was used to assess the bulk characteristics of samples using a Nicolet iS50 and attenuated 
total reflection (ATR) mode was used on all samples. No modifications were performed prior 
to analysis. 
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XPS measurements were performed using a Kratos AXIS ULTRA spectrometer with Al–
Kα source (photon energy = 1486.58 eV).  
Photo-Crosslinking: All photo crosslinking was carried out with a handheld dual 
wavelength UV lamp (UVP UVGL-55) purchased from VWR (Ireland). The UV lamp was 
clamped to a retort stand for the duration of photo-initiated crosslinking. All photo-crosslinking 
occurred at a wavelength of 365 nm and a power of 6 W 
 
6.2.2 Fabrication of Poly(Acrylic Acid)-cysteine-acrylate- PEDOT (PCP) 
Electroactive Hydrogel 
6.2.2.1 Fabrication of PCA Hydrogel-coated Electrode 
Indium tin oxide (ITO) coated glass electrodes were modified with the PCA hydrogels and 
EDOT monomer to facilitate the growth of PEDOT. A three-step approach was utilised in the 
fabrication of the modified electrodes. To begin, a pre-coat layer of PEDOT was deposited 
from a solution of 0.1 M EDOT via cyclic voltammetry. The supporting electrolyte was a 0.1 
M solution of TBAClO4 in acetonitrile. Electro-polymerization parameters were, a potential 
range from -1.0 V to 0.9 V, a scan rate of 0.03 Vs-1 and 10 scan cycles. This allowed for the 
thin film deposition of PEDOT onto the ITO. Following this, the deposition of the PCA 
hydrogel precursor solution and EDOT monomer onto ITO took place according to the 
parameters listed in Table 6.1. The PCA gels were cured for 20 minutes and excess solvent 
allowed to evaporate before electro-polymerization. 
6.2.2.2 Electro-polymerization of Poly(3,4-ethylenedioxythiophene) (PEDOT) 
within PCA Hydrogels  
With a three-electrode set-up, the electro-polymerization of PEDOT within the three 
respective PCA hydrogels took place in the standard electrochemical cell set-up via cyclic 
voltammetry. The ITO-coated glass modified with PCA hydrogels and EDOT monomer served 
as the working electrode, with a supporting electrolyte solution of 0.1 M TBAClO4 in a 90:10 
methanol to water mixture. Electro-polymerization was carried out with the following 
parameters, a potential range from -1.0 V to 0.9 V, a scan rate of 0.02 Vs-1, and 40 scans cycles 
The formation of the PEDOT within the hydrogel was characterised by the darkening of the 
In-Situ Polymerization and Characterisation of PEDOT Within PCA Hydrogel Matrix 
  Experimental 
145 
 
Persian blue colour within the hydrogel, and the increase in the signal response on the cyclic 
voltammogram as the polymerization proceeded.  











PCA1-PEDOT 10 50 - - 20 
PCA4-PEDOT 10 - 50 - 20 
PCA7-PEDOT 10 - - 50 20 
 
Table 6.2. Fabrication Sequence used in formation of PCA-PEDOT hydrogels 
Fabrication Sequence 
Pre-layer PEDOT 0.1 M EDOT in TBAClO4 (ACN) 




Cross-link 20 mins under UV 
Second PEDOT layer MeOH:Water (90:10) 
0.1 M EDOT in TBAClO4  
 
6.2.3 Morphological and Structural Characterisation of PCA-PEDOT Hydrogels  
The structural and morphological properties of the PCA-PEDOT hydrogels were 
characterised via SEM, FTIR and XPS analysis. Samples for SEM were mounted onto SEM 
stubs using double-sided carbon tape. Following this, the samples sputtered with gold for 
approximately 45 seconds and were imaged under vacuum. FTIR Spectra were obtained via 
ATR mode in absorbance mode and from a range of 400 to 4000 wavenumber after 32 scans. 
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XPS survey spectra were obtained with a pass energy of 160 eV and a step size of 1.0.eV, and 
high resolution spectra were obtained with a pass energy of 20 eV and step size of 0.05 eV. 
The spectra were also acquired in three different points for each sample in order to determine 
the homogeneity of the samples formed. Calibration was carried out against C1s line at 284.8 
eV as a charge reference. 
 
6.2.4 Electrochemical Characterisation  
The electrochemical properties of the PCA-PEDOT hydrogels were characterisation via 
cyclic voltammetry in a standard three-electrode set-up and via electrochemical impedance 
spectroscopy. Electrochemical characterisation in the three-electrode set up was in a solution 
of 0.1 M LiClO4 at room temperature. CVs were run with a potential range from, −1.0 V to 
0.95 V at a scan rate of 0.05 Vs-1 for 20 sweeps. Charge storage capacity (CSC) was determined 
from the charge within one CV cycle, by integrating the area under curves, using the software 
Origin Pro 2019.  
EIS was carried out in a two-electrode set up, comprising of the working electrode and the 
reference electrode in a solution of 10 mM PBS solution. Samples were allowed to swell for 
30 minutes before analysis was carried out. An amplitude signal of 10 mV was applied across 
a frequency range of 0.1 to 10,000 Hz. The conductivity of the sample were assessed using EIS 
according to equation 6.1 below where σ, R, d and S are the conductivity, resistance, thickness 
and surface area respectively for each of the samples. 






)                              Equation 6.1 
 
6.2.5 Swelling Studies 
Swelling studies were carried out according to a similar process to that described in Section 
3.2.7, with the main difference being that dry samples were weighed after the polymerization 
of PEDOT within the hydrogel  
Characterisation of the hydrogels were carried out in triplicated unless stated otherwise. 
Results presented are based on the mean value and all graphs are representative data of the 
results obtained.  
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6.3 Results and Discussion 
6.3.1 Fabrication of Poly(Acrylic acid)-cysteine-acrylate-PEDOT (PCP) 
Hydrogels 
From the electrochemical synthesis of PMAS within PHEMA and PCA hydrogels 
highlighted in the previous chapter (Chapter 5), two things were illustrated. The robustness of 
electro polymerizing within hydrogels, and the effect the structure of the hydrogel has on the 
electro-polymerization process and subsequent electrochemical properties. Building on the 
information derived from studies using PHEMA and PMAS, two questions arose. Can the 
electro-polymerization process work with a different monomer. Particularly one of limited 
aqueous solubility and were the trends observed in PCA-PMAS hydrogels a function of the 
electroactive polymer, or of the hydrogel itself.  
The findings from Chapter 5 highlighted the advantages of synthesising the base hydrogel 
used in forming an EAH (rather than obtaining commercially) as it is possible to incorporate 
the desired chemical and mechanical properties into the hydrogel structure from the start. Both 
of which were hypothesised to influence electrochemical polymerization and EAH formation. 
As a result, in forming an electroactive hydrogel, the PCA hydrogels synthesised in Chapter3 
were selected as the base hydrogels. 
A number of routes were investigated in the study to electro-polymerize PEDOT within the 
PCA hydrogels. The initial approach looked into replicating the PHEMA-PMAS/ PCA-PMAS 
route described in earlier chapters of this work (Chapter 5). Briefly, the hydrogels were drop 
casted onto ITO coated glass electrodes and crosslinked. Subsequently, they were immersed in 
electrolyte solution of EDOT and potential applied over the desired range. However, this route 
did not work for one major reasons. EDOT is only sparingly soluble in water, as such the 
electro-polymerization of PEDOT within the hydrogel required an organic medium. However, 
although these PCA hydrogels showed good resistance to organic solvents, they do no swell in 
organic solvents. In fact, these PCA hydrogels exhibited what can be seen as a “drying or 
dehydrating” effect when immersed in organic media. That is, the hydrogels appeared to 
contract into itself i.e. shrink, and become brittle to touch when immersed in an organic 
medium. This factor rendered the hydrogels impermeable, hindering the flow of ions and media 
through the hydrogel and to the surface of the electrode, ultimately inhibiting the 
polymerization. Figure 6.1 A and C shows the polymerization of PEDOT on ITO coated glass 
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following the process described above. It is clear to see that the deposition of PEDOT only 
occurs on the portion of the ITO coated glass that is not covered with the hydrogel.  
From characterisation carried out on the PCA hydrogels, it was determined that PCA 
hydrogels used for this study possess over 100% swelling capacity in water. Thus, for the 
hydrogel to swell to even one per cent, very little aqueous media is required. Armed with this 
knowledge, the question was posed, if the volume of water in a mixture of methanol and water 
is kept below the solubility of EDOT in aqueous media, will the polymerization take place? 
Armed with this question, EDOT was dissolved in varying mixtures of MeOH-H2O and 
electrodeposition of PEDOT from the solution attempted. It was found that a 90:10 mix of 
MeOH-H2O was sufficient to keep the EDOT in solution whilst keeping the hydrogel 
sufficiently hydrated to keep its porous structure open. However, this water methanol mix did 
not prove sufficient to facilitate good film formation of the second PEDOT layer when the 
above procedure was used.  
Reviewing the literature highlighted the fact that introducing secondary sites of nucleation 
during electro-polymerization enhances the growth of electro-conducting polymers within 
hydrogel networks, and leads to better formed IPNs. In most cases, the electro-polymerization 
of PEDOT within a hydrogel matrix benefits from these sites of nucleation as it acts as an 
anchor site and allows for the relatively easy removal of the EAH formed from the electrode 
surface. (Ido et al. 2012, Patton et al. 2015). A pre-layer of PEDOT deposited onto the surface 
of the electrode prior to hydrogel deposition and final electro-polymerization is often sufficient. 
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Figure 6.1. Images of PEDOT-PCA hydrogel formation A) Deposition of PEDOT around PCA 
hydrogels without pre-layer of PEDOT B) Pre-layer of PEDOT C) Deposition of PEDOT 
around PCA hydrogel with pre-layer of PEDOT, in pure ACN D) Uniform deposition of 
PEDOT throughout PCA hydrogels with pre-layer of PEDOT and MeOH-water mix E) 
Absence of PEDOT highlighted on portion of ITO covered with PCA hydrogel alone. 
 
Building on the existing knowledge, the electro-polymerization of PEDOT within the 
hydrogel was carried out according to the sequence in Table 6.2. A pre-layer of PEDOT was 
electrochemically deposited onto the electrode surface, subsequently, EDOT and the PCA 
hydrogel precursors were deposited and photocrosslinked and then the final layer of PEDOT 
electrodeposited. The electrochemical deposition occurred over the surface of the hydrogels 
without any further modifications. The growth of PEDOT within the PCA hydrogels was 
monitored via the signal response on the cyclic voltammogram obtained for all three hydrogels. 
The presence and continual increase in the intensity of the current response acted as an indicator 
of polymer growth within the hydrogel. 
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Figure 6.2 Schematic representation of the electro-polymerization process illustrating the set-
up used with the Potentiostat and the subsequent electroactive hydrogel formed on the ITO-
electrode 
 
6.3.2 Electrochemical growth of PEDOT within PCA Hydrogels on ITO-
coated Glass 
All PCA-PEDOT hydrogels were compared against pristine PEDOT films formed. Two 
main properties were compared, the current generated and the shape of the CV obtained. The 
first thing to note across all three hydrogel types was, there was an increase in the initial current 
generated as the number of scans increased. This implies that as the polymerization process 
was progressing, the deposition of electroactive materials was also increasing within the 
hydrogel structures, resulting in an increase in the current generated. Owing to the presence of 
the hydrogel layer coating the pre-layer of PEDOT, if the polymerization process was not 
occurring, there would be no corresponding increase in current, but rather a straight line with 
no apparent peaks would have been obtained. Alternatively, if the electrochemical response 
was as a result of the pre-layer of PEDOT, then the current response would not be expected to 
increase with the number of scans and would remain constant. Thus, from the increasing 
current response, it can be deduced that the electro-polymerization is occurring within and 
through the hydrogel. This was further confirmed by electrochemical characterisation results 
obtained on all hydrogels.  
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Electrochemical growth of electroactive or polymers within hydrogels is known to be 
difficult to obtain, particularly when it comes to obtaining interpenetrating networks. Goding 
et al showed in their work that immobilising dopant ions plays a role in the formation of 
interpenetrating networks, as they facilitate better interaction between the hydrogel and the 
electroactive polymer thus aiding the growth of the electroactive material throughout the 
network. They stated that by controlling the distribution of dopants ions, the electroactive 
properties of EAHs could improve (Goding et al. 2017). In this work, it is apparent that the 
PEDOT network grew with relative ease within the hydrogel system.  This is most likely 
attributed to the chemical and physical structures of the PCA hydrogels. In general the 
hydrogels exhibit a high swelling ratio, which implies a lower degree of crosslinking, allowing 
for the ease of mobility of ions throughout the structure. The hydrogel backbone moreover, is 
also predominantly comprised of PAA, which is a polyelectrolyte, thus its presence in the 
backbone of the hydrogels is thought to provide sites for interaction between the hydrogel 
component and the electroactive polymer. These ionic properties of PAA are a result of the 
carboxylate groups attached to the polymer. These groups are covalently bound and 
immobilised in our hydrogels to varying degrees (depending on the hydrogel composition). 
This implies that throughout the hydrogel there are sites of interaction for the electroactive 
polymer thus facilitating its growth throughout the hydrogel network.  
In general, the CV’s obtained for all PCP hydrogels were similar in shape to pristine 
PEDOT. There appeared to be a shift in the oxidation and reduction peaks obtained. However, 
this is not uncommon for electrochemical polymerizations as changes in the working electrode 
can trigger a shift. In this case, the modification of the ITO electrode surface with PCA 
hydrogels most likely caused this shift. All three PCA hydrogels were grown with 
polymerization times of an hour, corresponding to 40 scan cycles, samples were also grown 
with a polymerization time of an hour and 30 minutes corresponding to 60 scan cycles to 
determine if a longer reaction time would result in better polymer deposition. 
 
6.3.4 Structural and Morphological Characterisation of PCP Hydrogels 
SEM images, shown in Figure 6.3-6.5 provided much detail into the morphology of these 
hydrogels. A series of SEM images were collected to depict an accurate picture of the hydrogels 
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before and after the formation of the PEDOT network, and to confirm the growth of the 
polymer taking place within the actual pores of the hydrogel. 
SEM images of the PCA hydrogels deposited and cured on the pre-PEDOT layer showed 
distinctively different morphology, it should be noted that these hydrogels were imaged prior 
to any swelling. From a planar view, as seen Figure 6.3A-B PCA1 hydrogels appeared to 
display very little porosity and there was little very little PEDOT observable through the 
hydrogel. However, from SEM images obtained after electro-polymerization, shown in Figure 
6.3C-E it is quite clear that the PEDOT grew through the hydrogel penetrating the hydrogel 
structure.  
 
Figure 6.3; PCA1-PEDOT hydrogel. A-B) Pre-deposition layer of PEDOT and PCA1 
hydrogel, C-D) PCA1-PEDOT hydrogel after final electrodeposition of PEDOT E) Zoomed-in 
image of PCA1-PEDOT hydrogel highlighting the presence of PEDOT grown through the 
pores of the hydrogel. 
PCA4 showed a completely different morphology when imaged from a planar view. SEM 
images of PCA4 hydrogels deposited onto the pre-layer of PEDOT, seen in Figure 6.4 A-B 
showed quite porous structures with the pores ranging from 5-10 μm. The layer of PEDOT 
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below the hydrogels were visible through the pores of the hydrogels. Post polymerization 
images, Figure 6.4 C-E showed the deposition of PEDOT occurred through the hydrogels. The 
PEDOT formed within the hydrogels were film like, and matched the shapes of the pores of 
the PCA4 hydrogels. It’s interesting to see these PEDOT plates were seen on both the top and 
bottom side of the hydrogel, showing that the growth occurred throughout the hydrogel and not 
just on the surface of the electrode. This PEDOT deposition was observed throughout the 
surface of the hydrogel.  
 
Figure 6.4; PCA4-PEDOT hydrogel A-B) pre-deposition layer of PEDOT and PCA4 hydrogel 
C-D) PCA4-PEDOT hydrogel after final electrodeposition of PEDOT deposition E) Zoomed-
in image of PCA4-PEDOT hydrogel highlighting the presence of PEDOT grown through the 
pores of the hydrogel. 
 
PCA7 hydrogels also exhibited a porous structure just like PCA4 hydrogels. Images of the 
hydrogels obtained post polymerization, shown in Figure 6.5 C-E again showed these films of 
plate-like PEDOT structures, which were seen across the structure of the hydrogel. The PEDOT 
plates appeared similar in shape, however the deposition across the PCA4 hydrogels appeared 
more uniform and more tightly packed than PCA7 hydrogels.  
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Figure 6.5; PCA7-PEDOT hydrogel A-B) pre-deposition layer of PEDOT and PCA7 hydrogel 
C-D) PCA7-PEDOT hydrogel after final electrodeposition of PEDOT E) Zoomed image of 
PCA7-PEDOT hydrogel highlighting the presence of PEDOT grown through the pores of the 
hydrogel. 
 
FTIR and XPS were used to assess and confirm the presence of PEDOT within the 
hydrogels. From the FTIR spectra in Figure 6.6, it was observed the main PEDOT peaks were 
observed in all PCA-PEDOT hydrogels. FTIR spectra were obtained for the PCA-PEDOT 
hydrogels, PEDOT and EDOT. The peaks obtained are all in good agreement with literature 
findings. Interestingly, the EDOT spectra (Figure A4) shows bands at 1182, and 754 attributed 
the =C-H in plane and out of plane deformation which are not observed in the PEDOT and 
PCA-PEDOT spectra (Suri et al. 2007, Bahry et al. 2018). The peak at 1481 cm-1 is attributed 
to the C=C asymmetry stretching, the peak at 1364 cm-1 is assigned to the inter ring stretching 
in thiophene rings (Sriprachuabwong et al. 2012, Cernat et al. 2015), the peaks at 1183 and 
1077 cm-1 are assigned to the C-O-C bending vibration modes in ethylenedioxy groups, and 
the peaks at 887, 741 and 618 cm-1 were assigned to the C-S-C stretching of the thiophene 
backbone (Facure et al. 2017, He et al. 2018, Khan et al. 2018, Reyes-Reyes et al. 2018, Ly et 
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al. 2019). These peaks are in good agreement with literature findings for PEDOT, particularly 
PEDOT blended with other biomaterials. 
 
Figure 6.6 FTIR spectra overlay of PEDOT, PCA1-PEDOT, PCA4-PEDOT and PCA7-
PEDOT highlighting the relevant peaks of interest 
 
To further access the distribution and formation of PEDOT within the PCA hydrogels, PCA-
PEDOT hydrogels were analysed via XPS. The survey spectra of PCA1, PCA4, and PCA7 
showed peaks resulting from carbon, nitrogen, oxygen and sulphur, in agreement with the main 
elemental components of the hydrogels. Their binding energies are seen in Table 6.3.  
High resolution XPS was performed to provide more insight on the environment 
surrounding the carbons and sulphur atoms present in the hydrogels. The carbon and sulphur 
peaks were used to infer information relating to the distribution of PEDOT within the 
hydrogels. The C1s region was fitted with four main peaks signifying different chemical 
environments. The main peak at 284.83 eV is attributed to the C-C and C-H hydrocarbon, the 
peak at 284.26 eV is attributed to the carbon double bonded to a carbon, the peak at 285.86 eV 
is attributed to the C-S and C-N bonds, the peak at 287.17 eV is assigned to the carbon atoms 
bound to oxygen with a double bond, C=O (Xiong et al. 2016, Fillaud et al. 2018, Prusty and 
Swain 2019, Niu et al. 2020). These five carbon peaks are also present in the PCA-PEDOT 
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hydrogels, but the relative atomic concentration of C=C, C-O and O-C=O increased across all 
three compositions of PCA-PEDOT hydrogels. This is in line with expected results owing to 
the chemical nature of PEDOT in Figure 6.7. As the polymer is introduced into the hydrogel 
structure it is expected that more C-O, C=C and O-C=O bonds are observed.  
Figure 6.7 shows the S 2p region of the spectra used to investigate the interaction of PEDOT 
within the PCA hydrogels. Owing to the presence of thiol groups and sulfide bonds in the PCA 
hydrogels, it was expected that the S 2p peaks would be observed in the spectra, and they were. 
However, the intensity of the peaks were quite low. Moreover, when compared to PCA-
PEDOT hydrogels, the S 2p3/2 peak of the C-S group arising from PEDOT was observed with 
a much higher intensity. In addition to this, the S 2p peaks which were broad in PCA hydrogels, 
were observed to be sharper in PCA-PEDOT hydrogels. Relative concentration was also seen 
to increase across all the PCA-PEDOT hydrogels. This information, suggests that the atoms 
giving rise to the signal in the PCA hydrogels, were embedded within the samples, and the 
atoms giving rise to the S 2p signals in PCA-PEDOT hydrogels were concentrated at the 
surface of the sample. This is in line with expected results, as growing PEDOT throughout and 
within the hydrogels should result in the presence of PEDOT at the surface of the gels, and 
would lead to an increase in S 2p relative concentration (Kim et al. 2016, Kleber et al. 2017, 
Feig et al. 2018). As XPS is a surface analysis technique only going to depths of 5-10 nm, it is 
safe to say that the growth of PEDOT within the hydrogel penetrates through the structure and 
is not just at the base of the electrode. Survey scans were run on four sections of the samples, 
and each of those sections showed the presence and increase of sulphur in the spectra when 
comparing PCA hydrogels to PCA-PEDOT hydrogels.  
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Figure 6.7; S2P spectra obtained from XPS analysis highlighting the peaks of interest for A) 
PCA1 and PCA1-PEDOT, B) PCA4 and PCA4-PEDOT, C) PCA7and PCA7-PEDOT and D) 
Chemical structure of PEDOT 
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Table 6.3 Binding energies, relative concentration and bond types obtained from XPS analysis 





























C 1s 284.26 8.5 C=C C 1s 284.38 14.9 C=C C 1s 284.47 7.4 C=C C 1s 284.33 2.0 C=C 
C 1s 284.83 31.5 C-C,C-H C 1s 284.89 22.4 C-C,C-H C 1s 284.87 54.4 C-C,C-H C 1s 284.89 31.7 C-C,C-H 
C 1s 285.86 23.7 
C-S,C-
N,C-O 
C 1s 285.83 32.9 
C-S,C-N,C-
O 
C 1s 286.36 15.9 
C-S,C-
N,C-O 
C 1s 286.15 38.9 
C-S,C-N,C-O 
C 1s 287.17 15.4 C=O C 1s 288.57 24.3 O-C=O C 1s 288.86 21.1 O-C=O C 1s 288.93 19.5 O-C=O 
C 1s 288.63 13.3 O-C=O S 2p 163.15 1.1 C-S-C S 2p 163.43 0.1 C-S-C S 2p 163.04 0.6 C-S-C 
S 2p 163.21 0.2 C-S-C S 2p 164.33 1.1 C-S-C S 2p 164.61 0.1 C-S-C S 2p 164.22 0.6 C-S-C 
S 2p 164.39 0.2 C-S-C   
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C 1s 284.51 4.7 C=C C 1s 284.41 9.9 C=C 
       
  
C 1s 284.83 43.8 C-C,C-H C 1s 284.8 44.2 C-C,C-H 
       
  
C 1s 286.32 23.1 
C-S,C-
N,C-O 




       
  
C 1s 287.64 10.5 C=O C 1s 287.57 2.0 C=O 
       
  
C 1s 288.72 7.5 O-C=O C 1s 288.82 20.7 O-C=O 
       
  
S 2p 163.41 0.1 C-S-C S 2p 163.04 0.8 C-S-C 
       
  
S 2p 164.59 0.1 C-S-C S 2p 164.22 0.8 C-S-C                 
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6.3.5 Swelling Studies of PCA-PEDOT hydrogels  
Figure 6.8 shows the swelling behaviour of the PCA-PEDOT hydrogels observed for 3 
weeks. All hydrogels were observed to have reached max swelling within the first 30 minutes, 
after which PCA1-PEDOT and PCA4-PEDOT were seen to dip and then plateau respectively. 
This is similar to results seen in Chapter 3, when the swelling properties of pure PCA hydrogels 
were observed. PCA7 reached its maximum and swelling equilibrium point after 30 minutes, 
after which there was no significant increase in the swelling ratio. The overall swelling of the 
PCA-PEDOT hydrogels are considerably lower than the PCA hydrogels, with PCA1-PEDOT 
exhibiting an 8.5-fold decrease when compared to PCA1, PCA4-PEDOT exhibiting a 4-fold 
decrease compared to PCA4 and PCA7-PEDOT exhibiting a 1.5-fold decrease compared to 
PCA7. However they are still quite remarkable with all hydrogels exhibiting over 100% 
swelling. This swelling however, is not favourable for the PCA-PEDOT hydrogels, particularly 
in PCA1-PEDOT hydrogels where it was observed that this rapid swelling led to the fracturing 
of PEDOT within the hydrogel, leading to poor electrochemical properties when samples were 
allowed to swell for at least 30 minutes before characterisation. Of the three hydrogels, PCA7-
PEDOT and PCA4 showed the best stability of at least 15 days. PCA1-PEDOT however, 
showed signs of degradation within the first hour, and this process continued gradually over 
the span of the study. After approximately 25 days all hydrogels were seen to degrade 
completely.  
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Figure 6.8; A) Swelling ratio obtained for PCA-PEDOT hydrogels over 25 days and B) insert 
showing swelling behaviour of PCA-PEDOT hydrogels within the first two hours (error bars 
± mean SD, n=3) .  
In-Situ Polymerization and Characterisation of PEDOT Within PCA Hydrogel Matrix 
  Results and Discussion 
162 
 
6.3.3 Electrochemical Characterisation of PCP Hydrogels 
Cyclic voltammetry was used to characterise the redox properties of the PCA-PEDOT 
hydrogels. CVs were obtained for all three PCA-PEDOT hydrogels, the hydrogels on the pre-
PEDOT layer and pristine PEDOT from an electrolyte solution of 0.1 M LiClO4. Overall, all 
samples maintained the general rhomboid shape that is associated with PEDOT, however, there 
were slight changes in the shape of the three PCA-PEDOT hydrogels, suggesting some ionic 
interaction taking place in the hydrogels. Pristine PEDOT showed broad oxidation and 
reduction peaks at 0.27 V and -0.23 V respectively. The oxidation and reduction peaks were 
slightly shifted for PCA-PEDOT hydrogels. PCA1-PEDOT showed oxidation and reduction 
peaks at 0.68 V and -0.17 V respectively, PCA4-PEDOT showed oxidation and reduction peaks 
at 0.55 V and -0.06 V respectively, and PCA7-PEDOT showed oxidation and reduction peaks 
at 0.52 V and -0.08 V respectively. Of the three PCA-PEDOT hydrogels, the redox peaks of 
PCA4-PEDOT and PCA7-PEDOT were better defined when compared to PCA1-PEDOT, 
suggesting better ionic properties within these hydrogels.  
CV’s of each of the three PCA-PEDOT hydrogels where compared to the CV’s obtained 
from the pre-deposit layer of PEDOT i.e. pristine PEDOT, and CV’s obtained from the 
hydrogel and the pre-deposit layer of PEDOT (i.e. pre-PEDOT + PCA hydrogel), to confirm 
that the presence of the second layer of PEDOT enhances the electrochemical properties of the 
hydrogels. As seen in Figure 6.9A-C each of the overlays shows a significant increase in the 
electrochemical response of the final PCA-PEDOT hydrogel when compared to the pre-deposit 
layer. Figure 6.9 D highlights the stability of the electrochemical response of the hydrogels, in 
this case PCA4-PEDOT after 20 sweeps. The hydrogels all exhibited good stability. An 
interesting trend was observed for PCA7-PEDOT whereby an increase in the number of scan 
cycles did not lead to an increase in the intensity of the current signal generated from the 
electrode. The opposite trend was observed in PCA1-PEDOT and PCA4-PEDOT where an 
increase in the number of scan cycles resulted in an increase in the generated current signal. 
This results suggest that while increasing the number of scans, i.e. the reaction time, resulted 
in a significant increase in polymer deposited in PCA1 and PCA4, it did not lead to an increase 
in the deposition in PCA7. This did not come as a complete surprise, as the swelling ratio of 
PCA1 and PCA4 is significantly higher than PCA7 hydrogels, with the former exhibiting 
swelling ratio values of over 100 each while PCA7 exhibited a swelling ratio of less than 50. 
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Indicating less crosslinks within PCA1 and PCA4, thus offering less resistance to polymer 
growth. 
 
Figure 6.9 Overlay of characterisation CV's for A) PCA1-PEDOT, B) PCA4-PEDOT, C) 
PCA7-PEDOT. Each graph highlighting the changes in electrochemical properties observed 
in the CVs when the polymer (PEDOT pristine) is compared to the pre-coat and hydrogel layer 
and the final PEDOT-PCA hydrogels (pre-layer of PEDOT + hydrogel + 3D PEDOT grown 
through hydrogel) polymerised after 40 sweeps and 60 sweeps. And D) Representative 
characterisation CV obtained for PCA4-PEDOT showing stability over 20 sweeps. 
 
To further investigate this, the charge storage capacity (CSC) for the PCA-PEDOT 
hydrogels were calculated for hydrogels with only the pre-coat layer of PEDOT, after 40 scan 
cycles and after 60 scan cycles were calculated from the area of a single CV scan for each of 
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the respective hydrogels. Results showed that the charge storage capacity ranged from 1.63 
mC/cm2 to 7.12 mC/cm2 for PCA hydrogels without PEDOT and PCA-PEDOT hydrogels. See 
Table 6.4 for details.  
Results also showed that for PCA1-PEDOT and PCA4-PEDOT, there was a significant 
increase in CSC when the number of scan cycles was increased, but for PCA7-PEDOT the 
increase was insignificant. As CSC is directly proportional to the amount of deposited 
electroactive material, these findings further corroborate that PEDOT growth occurs quite 
readily in PCA1 and PCA4 hydrogels, and increasing the polymerization time results in a 
corresponding increase in the polymer deposition, as is expected for these less cross-linked 
hydrogels. However, for PCA7 increasing the polymerization time does not lead to an actual 
increase in the amount of deposited material in the hydrogel (Lu et al. 2012, Wang et al. 2019). 
This pattern in PCA7 is a result of the more crosslinked nature and lower swelling ability of 
the PCA7 hydrogel, making it more difficult for diffusion to take place throughout the hydrogel 
structure. Since PCA1 and PCA4 are less crosslinked they have a more porous structure to 
allow for the diffusion of the monomer and salt from the electrolyte solvent to the surface of 
the electrode. (J. and Faulkner 2001).  
However, although PCA7-PEDOT exhibited the least amount of PEDOT deposition, it is 
worth noting, that PCA4 and PCA7 exhibited better defined redox peaks, suggesting better 
redox properties, and the actual current response for PCA4-PEDOT at 60 sweeps is within the 
range of that generated for PCA7-PEDOT at 40 and 60 sweep. Thus, this indicates that for 
PCA hydrogels, the electrochemical response is not solely dependent on the deposition of 
PEDOT within the hydrogel, but also on the interaction of PEDOT with the hydrogel. With 
referral to the work of Goding et al and Kleber et al, it is thought that although PCA1 is softer 
and allows more PEDOT growth, PCA4 and PCA7 possess a distribution of carboxylate groups 
within the hydrogel which allows for better interaction of the polymer, hydrogel and mobile 
ions in the system.  
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Table 6.4 Electrochemical Properties of PCA-PEDOT hydrogels 
Sample CSC (mC/cm2) Current (A) 





PCA1+Prelayer PEDOT 2.59 - 65.48 - 
PCA1-40 Sweeps 4.26 5.73×10-4 242.49 1×10-4 
PCA1-60 Sweeps 6.88 1.03×10-3 225.22 0.8×10-4 
PCA4+Prelayer PEDOT 1.63 - 193.29 - 
PCA4-40 Sweeps 4.50 3.79×10-4 67.73 2.5×10-4 
PCA4-60 Sweeps 7.12 6.96×10-4 165.71 1.4×10-4 
PCA7+Prelayer PEDOT 2.45 - 307.99 - 
PCA7-40 Sweeps 4.35 6.29×10-4 67.73 1.9×10-4 
PCA7-60 Sweeps 4.55 6.41×10-4 219.24 0.5×10-4 
 
Low impedance is an essential factor for facilitating recording and stimulation at 
electrode/tissue interfaces. EIS was thus used to further assess the impedance of the hydrogels 
and also provide information on the redox activity of the hydrogels. Samples used for EIS were 
allowed to swell for 30 minutes before analysis was carried out. By principle, lower impedance 
values are desirable for electroactive biomaterials as lower impedance leads to increased 
sensitivity at the interface of the material. (Wang et al. 2019). In this study, impedance values 
were measured from 0.1 Hz - 10 kHz , with the results showing values obtained from 0.1 to 1 
kHz as this is the typical impedance range relevant to physiological activities (Shin et al. 2013). 
All hydrogels showed low impedance values within the range of 0.1 to 1 kHz. Specifically 
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when assessed at 1 kHz, the three PCP hydrogels showed impedance values of between 65 kΩ 
and 300 kΩ. These values are comparable to literature findings for neural electrodes, which are 
typically within the range of 50 kΩ and 1 MΩ suggesting they can potentially be further 
developed for use as neural electrode coatings (Cogan 2008). These low values are attributed 
to the structural characteristics of the hydrogels and the presence of PEDOT within the 
hydrogels. Particularly, this lower impedance is attributed again to the ionic nature of the 
hydrogels, allowing them to facilitate charge transfer. It is also worth noting that the hydrogels 
on their own exhibit relatively low impedance values, thus incorporating PEDOT into the 
hydrogel structures leads to further reduction of the impedance values. In addition, the 
impedance values of samples obtained after 60 scan cycles appeared to be higher than those 
obtained after 40 scan cycles suggesting that while an increase in the reaction time may lead to 
more polymer deposition, this does not necessarily lead to better CSC, and could be a result of 
decreased surface area with increase in PEDOT deposition as reported by Wang et al (Wang et 
al. 2019). The redox activity of the hydrogels was further confirmed from the Nyquist plots 
obtained from the EIS analysis. The beginning of a quasi-semi-circular arc is observed. This 
shape implies that the hydrogels exhibit redox activity and suggests the presence of ionic and 
electronic conductivities (Jamnik and Maier 1999, Mawad et al. 2016, Feig et al. 2018). The 
conductivity of the hydrogels were determined from the data obtained from the impedance 
studies according to equation 6.1. All the hydrogels exhibited conductivity values of around 
10-4 S/cm, these values are sufficient and suitable for biological processes (Bagheri et al. 2019, 
Manouchehri et al. 2019) . It was also observed that sample showed a decrease in conductivity 
with increase in the number of scans which corresponded to an increase in impedance values. 
Details of these values are observed in Table 6.4.  
To further assess the hydrogel properties, the data obtained from EIS was fit to an equivalent 
circuit model illustrated in Figure 6.10 C and Figure A5-6. The circuit produced the best fit 
for experimental data. The circuit can be divided into its individual components, where R1 is 
the ohmic resistance of the cell, R2 represents the ionic resistance, R3, the electronic resistance 
and CPED and CPEG represent the constant phase elements attributed to the double layer 
capacitance arising from ionic conductance and geometric capacitance respectively. The CPE 
elements allowed for non-ideal capacitance and are represented by Q and a respectively, where 
Q, is the pseudo-capacitance value and a, is the deviation from the ideal capacitive behaviour. 
(Garbarczyk et al. 1999, Huggins 2002, Yuan et al. 2009, Allagui et al. 2016). The parameters 
extracted from the fitting of the equivalent circuit model are seen in Table 6.5. Information on 
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the density of the hydrogel was obtained by comparing the ionic resistance and the electronic 
resistance. Overall as the stiffness of the hydrogels increased, there was a corresponding 
increase in the relative ionic resistance within the gel. This is expected, as with increasing 
hydrogel stiffness is a corresponding decrease in the volume of electrolyte able to penetrate the 
gel and facilitate ion transport (Feig et al. 2018).This trend was not seen on PCA4-PEDOT 
gels, thus implying that although pristine PCA4 hydrogel is stiffer than PCA1 gels, it still has 
better ionic properties than PCA1. This is backed up by findings from earlier sections in 
chapter 5, which suggest that although PCA1 is the softest of the three hydrogels, the ionic 
distribution within it, produces the least electrochemical responses. 















PCA7 15 855 4.67x10-10 0.93 3.12x107 4.19x10-8 0.2491 6.89x106 4.52 
PCA4 38264 1.42x10-9 0.83 1.02x108 2.88x10-11 0.9104 5.04x107 2.02 
PCA1 25 067 3.38x10-10 0.97 1.14x106 8.65x10-5 0.04445 3.21x105 3.56 
In-Situ Polymerization and Characterisation of PEDOT Within PCA Hydrogel Matrix 




Figure 6.10. Electrochemical impedance results obtained from the study A) Impedance values 
for PCA-PEDOT hydrogels at 1 kHz, B) impedance values of hydrogels obtained between 0.1 
and 1 k Hz C) equivalent circuit used to further analyse redox properties of the hydrogels, D) 
Representative Nyquist fitting and actual data for PCA1-PEDOT obtained from the equivalent 
circuit 
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The findings from this Chapter, present a novel approach to carry out in-situ electrochemical 
polymerization of PEDOT within a hydrogel matrix in a non-aqueous environment. The 
polymerization was found to readily occur in all PCA hydrogels with ease. Furthermore, it was 
seen that both the chemical and physical structures of the hydrogels significantly affected not 
just the rate of electrochemical polymerization within the hydrogel, but also the redox activities 
and electrochemical activities of the hydrogels. It was observed that of the three hydrogels 
fabricated, PCA4-PEDOT and PCA7-PEDOT retained and exhibited improved 
electrochemical activities. This was attributed to the ionic nature of the hydrogels. In addition, 
results indicated that the distribution of –COOH moieties in PCA4 and PCA7 occurred in a 
manner that was preferential for ion and charge transfer in an electroactive material when 
compared to PCA1-PEDOT. This finding was corroborated by the fact that although PCA1-
PEDOT theoretically consisted of more –COOH moieties and exhibited high CSC values, it 
did not have better ionic properties than PCA4 and PCA7. It was observed that of the three 
hydrogels fabricated, PCA4-PEDOT and PCA7-PEDOT retained and exhibited better 
electrochemical activities, particularly lower impedance values at 1 kHz. The results reported 
also suggest that these PCA4-PEDOT and PCA7-PEDOT hydrogels may be used for a range 
of interfacial bioelectrical applications such as neural electrode coatings, cell culture systems 
for neural differentiation and electro simulated tissue regeneration. These findings also suggest, 
that when synthesizing an EAH, the chemical structure of the hydrogel is important and should 
inform the method of synthesis and the monomer of choice, with some hydrogels by virtue of 
their chemical structures, facilitating the synthesis of, and enhancing the properties of EAHs. 
For a true electroactive hydrogel, each of the components, must be considered collectively and 
not in isolation as they tend to have knock on effects on the overall ease of polymerization and 
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7.1 Conclusions  
The research discussed in this body of work is centred on the synthesis and fabrication of a 
multifunctional hydrogel with mechanical properties, which can readily be tuned and the 
incorporation of electroactive materials into this system, thus enabling its potential use in a 
range of biomedical applications. This chapter concludes on the findings from this body of 
work, providing a summary on the main results and addressing the research questions and 
hypothesis raised in Section 1.3  
Research Question 1: Is it possible to synthesize a hydrogel with tuneable mechanical 
properties, and exceptional swelling abilities with the ability to facilitate cell proliferation and 
adhesion without need for modification with ECM proteins? 
Research Hypothesis 1: UV-assisted thiol acrylate chemistry can be used to control the 
crosslinking density of hydrogels as a function of time, leading to changes in the mechanical 
properties of the hydrogel system. 
In Chapter 3, the synthesis of poly acrylic acid based hydrogels with tuneable mechanical 
properties was discussed. UV-assisted thiol acrylate chemistry was employed to achieve this. 
It was possible to develop a hydrogel precursor cocktail which produced hydrogels of varying 
stiffness. The exposure time to UV light and the ratio of the concentration of thiol to acrylate 
were analysed to ascertain to what degree these individual factors influenced the stiffness of 
the hydrogels. Findings showed that while the exposure time resulted in changes in the stiffness 
of the hydrogels, the ratio of thiol to acrylate concentration played a more significant role. 
More so, it was found that the process of cross-linking taking place within the hydrogels was 
a more complex process than initially assumed, and there seemed to be an equilibrium point, 
at which all conditions were optimal for cell proliferation. The hydrogels synthesized exhibited 
exceptional swelling properties and biocompatibility owing to the coupling of cysteine 
molecules onto the polymer backbone. In addition, the hydrogels also exhibited cell adhesion 
properties, thus removing the need for coating or functionalising the hydrogels with additional 
proteins of ECM factors to aid in cell adhesion and proliferation. The use of thiol acrylate 
chemistry was key in enabling the synthesis of a series of these hydrogels. The exceptional 
swelling ability, biocompatibility, cell adhesion and proliferation and mechanical properties 
obtained from using this synthetic approach coupled with the selected polymer backbone, thus 
confirmed research hypothesis 1 as true.  
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Research Question 2: How do the physical and chemical properties of hydrogels interact 
with and affect the ability to grow electroactive polymers within hydrogel matrices. Can the 
electro-polymerization process work with different monomers, particularly monomers of 
different physical and chemical properties? 
Research Question 3: Can the synthesized hydrogel facilitate the electrochemical growth 
of an electroactive polymer, within the hydrogel structure and from an organic medium, 
resulting in an electroactive hydrogel which maintains the properties of the incorporated 
electroactive polymer?  
Research Hypothesis 2: Softer hydrogels/hydrogels with low cross-link density and 
hydrogels with ionic properties result in better electrochemical deposition of electroactive 
polymers within hydrogels and better electroactive properties.  
Chapters 5 and 6 investigated the electrochemical polymerization of electroactive polymers 
within hydrogel structures. Chapter 5 particularly looked at polymerizing sulfonated 
polyaniline (PMAS) in four different hydrogel matrixes, poly(2-hydroxethylmethacrylate) and 
three  poly (acrylic acid)-cysteine acrylate (PCA) compositions. The differences in physical 
and chemical structures and properties of these four hydrogels were examined to ascertain the 
effects, if any, of hydrogel structure on electrochemical polymerization and subsequent 
electroactive properties of the electroactive hydrogel synthesized. Results indicated that PMAS 
grew more readily within the three PCA hydrogels when compared to PHEMA. Preliminary 
electrochemical characterisation showed that amongst the four different hydrogels, PCA7 
hydrogels maintained the redox characteristics of PMAS to a greater extent than PCA4, PCA1 
and PHEMA respectively. These results were ascribed to the varying chemical composition of 
the four hydrogels. Compression testing showed increasing mechanical properties from PCA1, 
to PCA4 to PCA7 respectively, however, all three hydrogels are ionic in nature, owing to the 
presence of –COOH moieties on the hydrogel backbone, with PCA7 being the most ionic and 
also the most acidic, which is known to facilitate ion transfer.  
In addition, when polymer growth within the three PCA hydrogels were compared to 
PHEMA and their respective CV’s were compared, the PCA hydrogels outperformed the 
PHEMA hydrogel. This was attributed to the differences in the physical properties of the 
respective hydrogels. PHEMA is a highly crosslinked hydrogel and only exhibits swelling of 
less than 10%, however the PCA hydrogels, exhibit swelling of greater than 100% on all cases, 
and are less cross linked, resulting in a more flexible structure and enabling better polymer 
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growth. These findings indicate that the chemical structure and swelling properties of a 
hydrogel will affect how well polymer growth occurs within the hydrogel and will influence to 
some degree, the redox properties of the hydrogels. 
Chapter 6, built on the findings from chapter 5 and further explored the electrochemical 
deposition of a polymer within hydrogels. In this chapter, PEDOT was electrochemically 
polymerized within the three PCA hydrogels. PEDOT and its monomer are both insoluble in 
aqueous systems and allowed for the testing of the robustness of the electrochemical deposition 
process. Findings showed that while the apparent redox properties are more apparent in softer 
hydrogels, i.e. PCA1 and PCA4, the charge storage capacity was relatively the same in all three 
hydrogels and the resulting impedance lowest in PCA4 and PCA7. This suggests that while the 
deposition of PEDOT within the hydrogels occurred to relatively the same extent in all the 
hydrogels, the chemical structure of the hydrogels plays a significant role in how well it 
performs electrochemically. In addition to this, it was observed that due to the rapid swelling 
rate of the PCA1 hydrogel, the integrity of the PEDOT within the hydrogel was compromised, 
signifying that although polymerization can occur readily in this hydrogel structure, it is not an 
ideal candidate for building electroactive scaffolds or electrically controlled drug release 
systems. The findings herein show that soft hydrogels/hydrogels with lower crosslinking 
density, and hydrogels which are ionic in nature allow for better electrochemical deposition. 
However, they also indicated that while having a less crosslinked structure would allow for 
better electrodeposition, it did not necessarily translate to better electrochemical properties. 
The stiffer hydrogels had better electrochemical responses and results indicated that their 
respective ionic concentration further improved on these properties. Thus confirming research 
hypothesis 2 as partially true.  
Research Question 4: Is it possible to create three-dimensional electroactive hydrogels 
structures via additive manufacturing, utilising different hydrogel inks without making 
significant modifications to the composition of the hydrogel ink? 
Research Hypothesis 3: Additive manufacturing techniques such as inkjet printing allow 
for a layer by layer fabrication method. This method can lead to the integration of polymer  
In Chapter 4, inkjet printing was utilised to print PHEMA hydrogel films and pHEMA-
pMAS hydrogel films with a main focus on altering the printing parameter used during the 
printing process while maintaining the integrity of the hydrogel ink used for printing. Uniform 
films were obtained, and the hydrogels maintained their properties both before and after 
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printing. With the use of a custom built printer it was easy to bypass the need to modify the 
hydrogel ink and focus on optimising the printing parameters used. In addition, it was possible 
to seamlessly integrate pMAS into the hydrogel structure via the printer in a controlled and 
quantifiable manner.  
The studies carried out over the course of this thesis indicate that PAA-Cys based hydrogels 
have the potential to be used in a wide range of biomedical applications. They can be modified 
to act as complex 3D scaffolds with different elasticities for cell culture and tissue engineering 
applications, they also possess physicochemical properties which make them ideal for the 
development of electroactive hydrogels. 
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7.2 Recommendations for future work 
From the above conclusions and the findings presented in this body of work, it is clear that 
thiolated acrylate based hydrogel are a class of materials which have great potential to be used 
as multifunctional hydrogels for cell culture studies, and also coating for implantable devices. 
However, in the course of this study, scope and opportunities to further develop these materials 
have been identified. These ideas will require more investigation to bring about the realisation 
fully multifunctional hydrogels with reproducible results and ease of fabrication. Below are 
some recommendations for future work which will allow for the further development of the 
systems presented in this project.  
Recommendation 1. Explore the range of mechanical properties available to this class of 
PCA hydrogels via thiol acrylate cross-linking, by examining further the effects of thiol 
acrylate concentrations.  
From the study carried out, it is apparent that the factors which affect the mechanical 
properties of these PCA hydrogels are, the crosslinking time and the ratio of the concentration 
of thiol to acrylate utilised in the reaction. However, the latter is seen to have a more significant 
effect on the mechanical properties. Moreover, in this study, the thiol concentration was kept 
constant while the acrylate concentration was varied. With these findings in mind, there is room 
to further investigate the effects of thiol to acrylate ratio on a wider scale. By keeping the thiol 
content constant and varying the acrylate constant to a higher degree and vice versa, a DOE 
would prove useful in carrying out this investigation. This should ideally produce a much wider 
range of mechanical properties which can be tuned for specific cell and tissue types. As this 
method is easy to obtain and cost effect, it will create a wider toolbox for more precise cell 
culture studies to be carried out on tissues and cells from a few hundred of Pascal’s to mega 
Pascal’s. In addition, there is room for the further functionalisation of these hydrogels with 
ECM proteins and growth factors. This will create a wider scope of applications for these 
hydrogels as they could be used to fabricate scaffolds of varying stiffness’s and scaffolds which 
elicit different cellular responses.  
Recommendation 2.  Fabrication of complex cell scaffolds for mimicking and studying 
diseased cells in an in vitro environment 
Cells in the mammalian system exist in a complex matrix comprising of ECM proteins and 
different types of cells. Owing to the ease with which the properties of these hydrogels may be 
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tuned, the next step would be to fabricate a hydrogel scaffold with different stiffness’s across 
the entire structure to further mimic and study diseased cells and their interaction with healthy 
cells and tissue. This is of particular interest as diseased cells and tissue do not exist in isolation 
in the body. Therefore, when studying them, they should not be studied in isolation. One of the 
things which is known to be an indicator of diseased tissue and cells is a change in the 
mechanical properties. Thus, by varying the stiffness across the hydrogel, it may be possible to 
better mimic what is occurring in vivo. In addition these hydrogels have room for further 
functionalisation and can be readily modified with specific proteins to mimic the environment 
surrounding cancerous cells and healthy cells, thus building a complex system which can be 
used for further study of diseased and healthy cells. The ability to fabricate such a system will 
open wider opportunities to study cells and allow for the proper mimicking of both healthy and 
diseased tissue as they would exist in an in vitro environment. 
 
Figure 7.1 Complex hydrogel scaffold comprising of PCA hydrogels with different 
stiffness’s and embedded ECM proteins for culturing of cells in an environment similar to their 
native tissue 
 
Recommendation 3: Further investigate the electrochemical properties, and the stability of 
PCA-PEDOT hydrogels, with the aim to fabricate a coating for neural electrodes. 
Neural electrodes are used for wide range of therapies that range from deep brain stimulation 
to prostheses for spinal cord injury and strokes. The electrodes and requirements used for each 
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of these applications vary depending on this application. While the result presented are 
promising, there is room to further develop these systems, particularly PCA4-PEDOT and 
PCA7-PEDOT, and test them on micro and macro scaled electrodes. While the presence of 
PEDOT acted as an anchor during the PCA-PEDOT synthesis, an alternative system would see 
the fabrication of these PCA-PEDOT hydrogels in a layered approach, allowing PEDOT build 
gradually throughout the hydrogel system. Thus instead of depositing all the hydrogel and 
polymer at once, they would be deposited in micro-volumes layer by layer. By depositing a 
layer of hydrogel, subsequently electro-polymerizing, depositing a second layer of hydrogel 
and electro-polymerizing, we believe this will result in building a better integration of the 
electroactive hydrogel constituents. Furtherance to this, anti-inflammatory drugs such as 
dexamethasone can be incorporated into the hydrogel during the electrochemical deposition in 
a controlled manner. The layered approach would allow for the API to be embedded within the 
hydrogel matrix and will reduce the rate of spontaneous drug release within the system. The 
biocompatibility and behaviour of the PCA-PEDOT hydrogels can further be tested on 
neuroblastoma cells in the presence of electrical impulse and without electrical impulse. The 
success of this, would be a significant step for electrode coatings, as this system would be 
electrically active, biocompatible and possess anti-inflammatory responses which are a major 
drawback associated with implantable devices. 




Figure 7.2 Schematic of PCA7-PEDOT coating embedded with biomolecules and neural 
cells on microelectrode to study the response of the cells to electrical stimuli. 
 
Recommendation 4: Fabrication of API-loaded electroactive PCA hydrogels for 
electrically controlled drug release studies, based on PCA4 and PCA7 hydrogels. 
From this study, there is scope to incorporate API’s into these PCA hydrogels for passive 
release studies and electrically controlled drug release studies. Because PCA hydrogels are 
non-adherent to smooth surfaces, and are generally not free standing, an ideal substrate to carry 
these studies out would be on a substrate modified with a polymer such as PLA or PEG. This 
will ensure that the hydrogels are anchored onto the surface and will prevent the API from 
immediately diffusing out of the substrate. The API may be incorporated into the hydrogel by 
swelling the hydrogel in a solution containing the polymer over 48 hours. The API loaded PCA 
hydrogel will then be dried at low heat and subsequently be re-immersed in the buffer solution 
to analyse the release rate of the drug from the hydrogel. Aliquots of the buffer solution will 
be taken at designated time intervals, and analysed via HPLC or UV to determine how much 
of the hydrogel is being released spontaneously, and how long it takes for all the API to be 
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the hydrogel and an electrical release profile obtained. The use of PEDOT has proven to work 
well, thus its use for electrically triggered release studies would be ideal. The API can be loaded 
into the hydrogels during the electrochemical polymerization, rinsed, to remove any residual 
API and dried. Subsequently, from the redox properties of PC4-PEDOT and PCA7-PEDOT, 
the API can be released by electrochemical stimuli into a solution of buffer over a time frame, 
with aliquots taken after each stimuli and analysed to determine ow much of the API is released 
and if the release is electrochemically controlled or spontaneous. A comparative study between 
the spontaneous release and electrochemical release should highlight one as a better option for 
creating a drug delivery system, ideally this would be the electrochemically controlled system. 
This system can then be assembled on a lab on chip device, comprising of working electrodes 
and can further be tested for its stability over an extended period. 




Figure 7.3 Schematic representation of the drug release system for PCA4-PEDOT, 
illustrating the fabrication of the drug loaded electrode and its release into the body when used 
as a transdermal patch. 
 
In conclusion, the work reported herein possess a new approach to the development of 
biomaterials which are both multifunctional and responsive. These materials are biocompatible, 
can be made electroactive and possess tuneable properties, all of which are a direct results of 
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the chemical and physical structures of the hydrogels. These materials can thus be readily 
processes to act as controlled drug delivery systems and electrically stimulated 3D cell 





















A1 Overlay of NMR spectra of A) l-Cys.HCl, B) PAA and C) PAA-Cys, highlighting peaks of 
interest used for inference of the hydrogel chemical structure  
NMR spectra obtained for the PAA-Cys polymer formed. The peaks of interest in the NMR 
spectra were those assigned to the proton of the thiol group. However, these proton peak were 
not seen due to proton exchange taking place with the D2O (Ouellette and Rawn 2014). As 
such the NMR spectra of the starting materials, PAA and L-cysteine hydrochloride relative to 
the PAA-Cys polymer were used as an alternative means to infer the structure of the PAA-Cys 
polymer. It is apparent from the spectra that the doublet and triplet seen in l-cysteine which 





Figure A2 Labelled FTIR spectra for pristine PAA polymer 
 
 




























Figure A5Equivalent circuits for PCA4-PEDOT used to further assess the redox 
properties of the PCA hydrogels showing the Nyquist plot obtained for PCA4-PEDOT in blue 






Figure A6 Equivalent circuits for PCA7-PEDOT used to further assess the redox 
properties of the PCA hydrogels showing the Nyquist plot obtained for PCA7-PEDOT in blue 

















Figure A7 Drop visualisation studies carried out on 2-MAS to ascertain optimal printing properties. Montage illustrating the formation of the 
drop as it leaves the nozzle, including the volume deposited 
Appendix 2   
192 
 
Appendix 2: Research Dissemination 
1. Journal Papers in preparation 
 
 Sharon O. Bolanta, Sigita Malijauskaite, Kieran McGourty,, Emmet J O’Reilly ‘Synthesis of 
Polyacrylic-acid-Cysteine based Hydrogels with highly customisable mechanical properties for 
advanced 3D cell culture application.’  
 Sharon O. Bolanta, Emmet J. O’Reilly ‘Synthesis and characterisation of Polyacrylic-acid-
Cysteine-PEDOT Electroactive Hydrogels for neural coating applications 
 
2. Conference Proceedings 
Multifunctional Materials for Neural Prosthetic Interface and Drug Delivery Applications 
NUIG/UL Alliance Postgraduate Research Day, NUI Galway April 2017 
Towards a “Smart” electroactive hydrogel for drug delivery and neural prosthetic applications 7th 
EuCheMS Chemistry Congress ACC Liverpool, August 2018 
Multifunctional Hydrogels for Biomedical Applications: A novel approach to interpenetrating 
networks. 72nd Irish Universities Research Chemistry Colloquia, UCD, June 2019 
Towards a “Smart” electroactive hydrogel for drug delivery and neural prosthetic applications. 
Bernal Research Day UL November 2019 
 
  




Abd El-Aziz, M. E., Youssef, A. M., Kamel, S. and Turky, G. (2018) 'Conducting hydrogel 
based on chitosan, polypyrrole and magnetite nanoparticles: a broadband dielectric 
spectroscopy study', Polymer Bulletin. 
 
Abou-Okeil, A., Aly, A. A., Amr, A. and Soliman, A. A.-F. (2019) 'Biocompatible hydrogel 
for cartilage repair with adjustable properties', Polymers for Advanced Technologies, 
30(8), 2026-2033. 
 
Alex, H. (2017) 'Contact lenses for ophthalmic drug delivery', Clinical and Experimental 
Optometry, 100(5), 494-512. 
 
Allagui, A., Freeborn, T. J., Elwakil, A. S. and Maundy, B. J. (2016) 'Reevaluation of 
performance of electric double-layer capacitors from constant-current charge/discharge 
and cyclic voltammetry', Scientific Reports, 6(1), 1-8. 
 
Bagheri, B., Zarrintaj, P., Surwase, S. S., Baheiraei, N., Saeb, M. R., Mozafari, M., Kim, Y. C. 
and Park, O. O. (2019) 'Self-gelling electroactive hydrogels based on chitosan–aniline 
oligomers/agarose for neural tissue engineering with on-demand drug release', Colloids 
and Surfaces B: Biointerfaces, 184, 110549. 
 
Bahry, T., Zhenpeng, C., Deniset-Besseau, A., Gervais, M., Sollogoub, C., Bui, T. T. and 
Remita, S. (2018) 'An alternative radiolytic route for synthesizing conducting polymers 
in an organic solvent', New Journal of Chemistry, 42. 
 
Barthus, R. C., Lira, L. M. and Torresi, S. I. C. d. (2008) 'Conducting polymer- hydrogel blends 
for electrochemically controlled drug release devices', Journal of the Brazilian 
Chemical Society, 19, 630-636. 
 
Bauer, J., Emon, M. A. B., Staudacher, J. J., Thomas, A. L., Zessner-Spitzenberg, J., 
Mancinelli, G., Krett, N., Saif, M. T. and Jung, B. (2020) 'Increased stiffness of the 
tumor microenvironment in colon cancer stimulates cancer associated fibroblast-
mediated prometastatic activin A signaling', Scientific Reports, 10(1), 50. 
 
Baumgartner, J., Jönsson, J.-I. and Jager, E. W. H. (2018) 'Switchable presentation of cytokines 
on electroactive polypyrrole surfaces for hematopoietic stem and progenitor cells', 
Journal of Materials Chemistry B, 6(28), 4665-4675. 
 
Bencherif, S. A., Srinivasan, A., Horkay, F., Hollinger, J. O., Matyjaszewski, K. and 
Washburn, N. R. (2008) 'Influence of the degree of methacrylation on hyaluronic acid 
hydrogels properties', Biomaterials, 29(12), 1739-1749. 
 
REFERENCES    
194 
 
Beregoi, M., Evanghelidis, A., Matei, E. and Enculescu, I. (2017) 'Polyaniline based 
microtubes as building-blocks for artificial muscle applications', Sensors and Actuators 
B: Chemical, 253, 576-583. 
 
Bhadra, S., Kim, N. H. and Lee, J. H. (2010) 'Synthesis of water soluble sulfonated polyaniline 
and determination of crystal structure', Journal of Applied Polymer Science, 117(4), 
2025-2035. 
 
Billiet, T., Gevaert, E., De Schryver, T., Cornelissen, M. and Dubruel, P. (2014) 'The 3D 
printing of gelatin methacrylamide cell-laden tissue-engineered constructs with high 
cell viability', Biomaterials, 35(1), 49-62. 
 
Boehler, C., Kleber, C., Martini, N., Xie, Y., Dryg, I., Stieglitz, T., Hofmann, U. G. and 
Asplund, M. (2017) 'Actively controlled release of Dexamethasone from neural 
microelectrodes in a chronic in vivo study', Biomaterials, 129, 176-187. 
 
Brahim, S. and Guiseppi-Elie, A. (2005) 'Electroconductive Hydrogels: Electrical and 
Electrochemical Properties of Polypyrrole-Poly(HEMA) Composites', Electroanalysis, 
17(7), 556-570. 
 
Bueno, V. B., Takahashi, S. H., Catalani, L. H., de Torresi, S. I. C. and Petri, D. F. S. (2015) 
'Biocompatible xanthan/polypyrrole scaffolds for tissue engineering', Materials 
Science and Engineering: C, 52, 121-128. 
 
Burdick, J. A., Chung, C., Jia, X., Randolph, M. A. and Langer, R. (2005) 'Controlled 
Degradation and Mechanical Behavior of Photopolymerized Hyaluronic Acid 
Networks', Biomacromolecules, 6(1), 386-391. 
 
Caliari, S. R. and Burdick, J. A. (2016) 'A practical guide to hydrogels for cell culture', Nature 
methods, 13(5), 405-414. 
 
Calvert, P. (2001) 'Inkjet printing for materials and devices', Chemistry of Materials, 13(10), 
3299-3305. 
 
Campbell, P. G. and Weiss, L. E. (2007) 'Tissue engineering with the aid of inkjet printers', 
Expert Opin Biol Ther, 7(8), 1123-7. 
 
Cao, Y., Yao, Y., Li, Y., Yang, X., Cao, Z. and Yang, G. (2019) 'Tunable keratin hydrogel 
based on disulfide shuffling strategy for drug delivery and tissue engineering', Journal 
of Colloid and Interface Science, 544, 121-129. 
 
Castagnola, E., Maggiolini, E., Ceseracciu, L., Ciarpella, F., Zucchini, E., De Faveri, S., 
Fadiga, L. and Ricci, D. (2016) 'pHEMA Encapsulated PEDOT-PSS-CNT Microsphere 
Microelectrodes for Recording Single Unit Activity in the Brain', Frontiers in 
Neuroscience, 10(151). 
 
REFERENCES    
195 
 
Cernat, A., Tertiş, M., Săndulescu, R., Bedioui, F., Cristea, A. and Cristea, C. (2015) 
'Electrochemical sensors based on carbon nanomaterials for acetaminophen detection: 
A review', Analytica Chimica Acta, 886, 16-28. 
 
Chai, Q., Jiao, Y. and Yu, X. (2017) 'Hydrogels for Biomedical Applications: Their 
Characteristics and the Mechanisms behind Them', Gels, 3(1), 6. 
 
Chen, K., Rowley, A. P., Weiland, J. D. and Humayun, M. S. (2014) 'Elastic properties of 
human posterior eye', Journal of Biomedical Materials Research Part A, 102(6), 2001-
2007. 
 
Chen, K. and Weiland, J. D. (2010) 'Anisotropic and inhomogeneous mechanical 
characteristics of the retina', Journal of Biomechanics, 43(7), 1417-1421. 
 
Cheng, Y., Luo, X., Betz, J., Payne, G. F., Bentley, W. E. and Rubloff, G. W. (2011) 
'Mechanism of anodic electrodeposition of calcium alginate', Soft Matter, 7(12), 5677-
5684. 
 
Cheong, G. M., Lim, K. S., Jakubowicz, A., Martens, P. J., Poole-Warren, L. A. and Green, R. 
A. (2014) 'Conductive hydrogels with tailored bioactivity for implantable electrode 
coatings', Acta Biomaterialia, 10(3), 1216-1226. 
 
Cheong, M. and Zhitomirsky, I. (2008) 'Electrodeposition of alginic acid and composite films', 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 328(1-3), 73-78. 
 
Chiellini, F., Petrucci, F., Ranucci, E. and Solaro, R. (2002) 'Bioerodible hydrogels based on 
2-hydroxyethyl methacrylate: Synthesis and characterization', Journal of Applied 
Polymer Science, 85(13), 2729-2741. 
 
Ciolino, J. B., Stefanescu, C. F., Ross, A. E., Salvador-Culla, B., Cortez, P., Ford, E. M., 
Wymbs, K. A., Sprague, S. L., Mascoop, D. R. and Rudina, S. S. (2014) 'In vivo 
performance of a drug-eluting contact lens to treat glaucoma for a month', Biomaterials, 
35(1), 432-439. 
 
Cogan, S. F. (2008) 'Neural stimulation and recording electrodes', Annu. Rev. Biomed. Eng., 
10, 275-309. 
 
Cui, H., Liu, Y., Cheng, Y., Zhang, Z., Zhang, P., Chen, X. and Wei, Y. (2014) 'In Vitro Study 
of Electroactive Tetraaniline-Containing Thermosensitive Hydrogels for Cardiac 
Tissue Engineering', Biomacromolecules, 15(4), 1115-1123. 
 
Cui, H., Shao, J., Wang, Y., Zhang, P., Chen, X. and Wei, Y. (2013) 'PLA-PEG-PLA and Its 
Electroactive Tetraaniline Copolymer as Multi-interactive Injectable Hydrogels for 
Tissue Engineering', Biomacromolecules, 14(6), 1904-1912. 
 
REFERENCES    
196 
 
Danying Zhang, F. D., Yinghong Xiao, Jianfei Che (2015) 'Electroactive hybrid hydrogel: 
Toward a smart coating for neural electrodes ', Journal of Bioactive and Compatible 
Polymers, 30(6), 600-616. 
 
Das, N. (2013) 'Preparation methods and properties of hydrogel: a review', Int J Pharm Pharm 
Sci, 5(3), 112-117. 
 
Davis, T. P. and Huglin, M. B. (1991) 'Effect of crosslinking on the properties of poly(2-
hydroxyethyl methacrylate) hydrogels', Die Angewandte Makromolekulare Chemie, 
189(1), 195-205. 
 
Deegan, R., Bakajin, O., Dupont, T., Huber, G., Nagel, S. and Witten, T. (1997) 'Capillary 
Flow as the Cause of Ring Stains From Dried Liquid Drops', Nature, 389, 827-829. 
 
Derby, B. (2010) 'Inkjet Printing of Functional and Structural Materials: Fluid Property 
Requirements, Feature Stability, and Resolution', Annual Review of Materials Science, 
40, 395-414. 
 
Dettlaff, A., Das, P. R., Komsiyska, L., Osters, O., Łuczak, J. and Wilamowska-Zawłocka, M. 
(2018) 'Electrode materials for electrochemical capacitors based on poly(3,4 
ethylenedioxythiophene) and functionalized multi-walled carbon nanotubes 
characterized in aqueous and aprotic electrolytes', Synthetic Metals, 244, 80-91. 
 
Dong, R., Zhao, X., Guo, B. and Ma, P. X. (2016) 'Self-Healing Conductive Injectable 
Hydrogels with Antibacterial Activity as Cell Delivery Carrier for Cardiac Cell 
Therapy', ACS Applied Materials & Interfaces, 8(27), 17138-17150. 
 
Dong, S.-L., Han, L., Du, C.-X., Wang, X.-Y., Li, L.-H. and Wei, Y. (2017) '3D Printing of 
Aniline Tetramer-Grafted-Polyethylenimine and Pluronic F127 Composites for 
Electroactive Scaffolds', Macromolecular Rapid Communications, 38(4), 1600551-n/a. 
 
Emon, B., Bauer, J., Jain, Y., Jung, B. and Saif, T. (2018) 'Biophysics of Tumor 
Microenvironment and Cancer Metastasis - A Mini Review', Computational and 
Structural Biotechnology Journal, 16, 279-287. 
 
Facure, M. H. M., Mercante, L. A., Mattoso, L. H. C. and Correa, D. S. (2017) 'Detection of 
trace levels of organophosphate pesticides using an electronic tongue based on 
graphene hybrid nanocomposites', Talanta, 167, 59-66. 
 
Fan, Z., Liu, B., Wang, J., Zhang, S., Lin, Q., Gong, P., Ma, L. and Yang, S. (2014) 'A novel 
wound dressing based on Ag/graphene polymer hydrogel: Effectively kill bacteria and 
accelerate wound healing', Advanced Functional Materials, 24(25), 3933-3943. 
 
Feig, V. R., Tran, H., Lee, M. and Bao, Z. (2018) 'Mechanically tunable conductive 
interpenetrating network hydrogels that mimic the elastic moduli of biological tissue', 
Nature Communications, 9(1), 2740. 




Feiner, R., Wertheim, L., Gazit, D., Kalish, O., Mishal, G., Shapira, A. and Dvir, T. (2019) 'A 
Stretchable and Flexible Cardiac Tissue–Electronics Hybrid Enabling Multiple Drug 
Release, Sensing, and Stimulation', Small, 15(14), 1805526. 
 
Fillaud, L., Petenzi, T., Pallu, J., Piro, B., Mattana, G. and Noel, V. (2018) 'Switchable 
Hydrogel-Gated Organic Field-Effect Transistors', Langmuir, 34(12), 3686-3693. 
 
Forbes, M. D. E. N., V., Lebedeva (2009) 'Acrylic Polymer Radicals: Structural 
Characterization and Dynamics' in Carbon‐Centered Free Radicals and Radical 
Cations325-357. 
 
Friederich, A., Binder, J. R. and Bauer, W. (2013) 'Rheological Control of the Coffee Stain 
Effect for Inkjet Printing of Ceramics', Journal of the American Ceramic Society, 96(7), 
2093-2099. 
 
Fu, W. and Zhao, B. (2016) 'Thermoreversible physically crosslinked hydrogels from UCST-
type thermosensitive ABA linear triblock copolymers', Polymer Chemistry, 7(45), 
6980-6991. 
 
Gao, Q., He, Y., Fu, J.-z., Liu, A. and Ma, L. (2015) 'Coaxial nozzle-assisted 3D bioprinting 
with built-in microchannels for nutrients delivery', Biomaterials, 61, 203-215. 
 
Garbarczyk, J., Wasiucionek, M., Machowski, P. and Jakubowski, W. (1999) 'Transition from 
ionic to electronic conduction in silver–vanadate–phosphate glasses', Solid State Ionics, 
119(1-4), 9-14. 
 
Gestos, A., Whitten, P. G., Spinks, G. M. and Wallace, G. G. (2010) 'Crosslinking neat ultrathin 
films and nanofibres of pH-responsive poly(acrylic acid) by UV radiation', Soft Matter, 
6(5), 1045-1052. 
 
Gioffredi, E., Boffito, M., Calzone, S., Giannitelli, S. M., Rainer, A., Trombetta, M., Mozetic, 
P. and Chiono, V. (2016) 'Pluronic F127 Hydrogel Characterization and Biofabrication 
in Cellularized Constructs for Tissue Engineering Applications', Procedia CIRP, 49, 
125-132. 
 
Goding, J., Gilmour, A., Martens, P., Poole-Warren, L. and Green, R. (2017) 'Interpenetrating 
Conducting Hydrogel Materials for Neural Interfacing Electrodes', Advanced 
Healthcare Materials, 1601177-n/a. 
 
Gong, J. P., Kawakami, I., Sergeyev, V. G. and Osada, Y. (1991) 'Electroconductive organogel. 
3. Preparation and properties of a charge-transfer complex gel in an organic solvent', 
Macromolecules, 24(19), 5246-5250. 
 
Gray, K. M., Liba, B. D., Wang, Y., Cheng, Y., Rubloff, G. W., Bentley, W. E., Montembault, 
A., Royaud, I., David, L. and Payne, G. F. (2012) 'Electrodeposition of a Biopolymeric 
REFERENCES    
198 
 
Hydrogel: Potential for One-Step Protein Electroaddressing', Biomacromolecules, 
13(4), 1181-1189. 
 
Green, R. A., Baek, S., Poole-Warren, L. A. and Martens, P. J. (2010) 'Conducting polymer-
hydrogels for medical electrode applications', Sci Technol Adv Mater, 11(1), 014107. 
 
Green, R. A., Hassarati, R. T., Goding, J. A., Baek, S., Lovell, N. H., Martens, P. J. and Poole-
Warren, L. A. (2012) 'Conductive Hydrogels: Mechanically Robust Hybrids for Use as 
Biomaterials', Macromolecular Bioscience, 12(4), 494-501. 
 
Groll, J., Burdick, J. A., Cho, D.-W., Derby, B., Gelinsky, M., Heilshorn, S. C., Juengst, T., 
Malda, J., Mironov, V. A. and Nakayama, K. (2018) 'A definition of bioinks and their 
distinction from biomaterial inks', Biofabrication, 11(1), 013001. 
 
Guimarães, C. F., Gasperini, L., Marques, A. P. and Reis, R. L. (2020) 'The stiffness of living 
tissues and its implications for tissue engineering', Nature Reviews Materials. 
 
Guiseppi-Elie, A. (2010) 'Electroconductive hydrogels: Synthesis, characterization and 
biomedical applications', Biomaterials, 31(10), 2701-2716. 
 
Guo, B., Lei, B., Li, P. and Ma, P. X. (2015) 'Functionalized scaffolds to enhance tissue 
regeneration', Regenerative Biomaterials, 2(1), 47-57. 
 
Gutowska, A., Bae, Y. H., Feijen, J. and Kim, S. W. (1992) 'Heparin release from 
thermosensitive hydrogels', Journal of Controlled Release, 22(2), 95-104. 
 
Hasturk, O., Jordan, K. E., Choi, J. and Kaplan, D. L. (2020) 'Enzymatically crosslinked silk 
and silk-gelatin hydrogels with tunable gelation kinetics, mechanical properties and 
bioactivity for cell culture and encapsulation', Biomaterials, 232, 119720. 
 
He, J., Su, J., Wang, J. and Zhang, L. (2018) 'Synthesis of water-free PEDOT with 
polyvinylpyrrolidone stabilizer in organic dispersant system', Organic Electronics, 53, 
117-126. 
 
Hennink, W. E. and van Nostrum, C. F. (2012) 'Novel crosslinking methods to design 
hydrogels', Advanced Drug Delivery Reviews, 64, 223-236. 
 
Heo, D. N., Lee, S.-J., Timsina, R., Qiu, X., Castro, N. J. and Zhang, L. G. (2019) 'Development 
of 3D printable conductive hydrogel with crystallized PEDOT:PSS for neural tissue 
engineering', Materials Science and Engineering: C, 99, 582-590. 
 
Hoch, E., Hirth, T., Tovar, G. E. and Borchers, K. (2013) 'Chemical tailoring of gelatin to 
adjust its chemical and physical properties for functional bioprinting', Journal of 
Materials Chemistry B, 1(41), 5675-5685. 
 
REFERENCES    
199 
 
Hölzl, K., Lin, S., Tytgat, L., Van Vlierberghe, S., Gu, L. and Ovsianikov, A. (2016) 'Bioink 
properties before, during and after 3D bioprinting', Biofabrication, 8(3), 032002. 
 
Huang, H., Li, W., Wang, H., Zeng, X., Wang, Q. and Yang, Y. (2014) 'Conducting Hydrogels 
of Tetraaniline-g-poly(vinyl alcohol) in Situ Reinforced by Supramolecular 
Nanofibers', ACS Applied Materials & Interfaces, 6(3), 1595-1600. 
 
Huggins, R. A. (2002) 'Simple method to determine electronic and ionic components of the 
conductivity in mixed conductors a review', Ionics, 8(3-4), 300-313. 
 
Ido, Y., Takahashi, D., Sasaki, M., Nagamine, K., Miyake, T., Jasinski, P. and Nishizawa, M. 
(2012) 'Conducting Polymer Microelectrodes Anchored to Hydrogel Films', ACS 
Macro Letters, 1(3), 400-403. 
 
Iha, R. K., Wooley, K. L., Nyström, A. M., Burke, D. J., Kade, M. J. and Hawker, C. J. (2009) 
'Applications of Orthogonal “Click” Chemistries in the Synthesis of Functional Soft 
Materials', Chemical Reviews, 109(11), 5620-5686. 
 
Ishihara, K., Oda, H. and Konno, T. (2020) 'Spontaneously and reversibly forming 
phospholipid polymer hydrogels as a matrix for cell engineering', Biomaterials, 230, 
119628. 
 
J., B. A. and Faulkner, L. R. (2001) Electrochemical Methods: Fundamentals and Applications, 
2 ed., New York: John Wiley & Sons, Inc. 
 
Jamnik, J. and Maier, J. (1999) 'Treatment of the impedance of mixed conductors equivalent 
circuit model and explicit approximate solutions', Journal of the Electrochemical 
society, 146(11), 4183. 
 
Jiang, T., Zhang, Z., Zhou, Y., Liu, Y., Wang, Z., Tong, H., Shen, X. and Wang, Y. (2010) 
'Surface Functionalization of Titanium with Chitosan/Gelatin via Electrophoretic 
Deposition: Characterization and Cell Behavior', Biomacromolecules, 11(5), 1254-
1260. 
 
Justin, G. and Guiseppi-Elie, A. (2009) 'Characterization of electroconductive blends of poly 
(HEMA-co-PEGMA-co-HMMA-co-SPMA) and poly (Py-co-PyBA)', 
Biomacromolecules, 10(9), 2539-2549. 
 
Khan, S. and Ranjha, N. (2014) 'Effect of degree of cross-linking on swelling and on drug 
release of low viscous chitosan/poly(vinyl alcohol) hydrogels', Polymer Bulletin, 71, 
2133-2158. 
 
Khan, S., Ul-Islam, M., Ullah, M. W., Israr, M., Jang, J. H. and Park, J. K. (2018) 'Nano-gold 
assisted highly conducting and biocompatible bacterial cellulose-PEDOT:PSS films for 
biology-device interface applications', International Journal of Biological 
Macromolecules, 107, 865-873. 




Kim, B. C., Spinks, G. M., Wallace, G. G. and John, R. (2000) 'Electroformation of conducting 
polymers in a hydrogel support matrix', Polymer, 41(5), 1783-1790. 
 
Kim, C.-J. and Lee, P. I. (1992) 'Composite Poly(vinyl alcohol) Beads for Controlled Drug 
Delivery', Pharmaceutical Research, 9(1), 10-16. 
 
Kim, J. D., Choi, J. S., Kim, B. S., Choi, Y. C. and Cho, Y. W. (2010) 'Piezoelectric inkjet 
printing of polymers: Stem cell patterning on polymer substrates', Polymer, 51(10), 
2147-2154. 
 
Kim, S.-M., Kim, N., Kim, Y., Baik, M.-S., Yoo, M., Kim, D., Lee, W.-J., Kang, D.-H., Kim, 
S., Lee, K. and Yoon, M.-H. (2018) 'High-performance, polymer-based direct cellular 
interfaces for electrical stimulation and recording', NPG Asia Materials, 10(4), 255-
265. 
 
Kim, Y. S., Cho, K., Lee, H. J., Chang, S., Lee, H., Kim, J. H. and Koh, W.-G. (2016) 'Highly 
conductive and hydrated PEG-based hydrogels for the potential application of a tissue 
engineering scaffold', Reactive and Functional Polymers, 109, 15-22. 
 
Kishi, R., Kubota, K., Miura, T., Yamaguchi, T., Okuzaki, H. and Osada, Y. (2014) 
'Mechanically tough double-network hydrogels with high electronic conductivity', 
Journal of Materials Chemistry C, 2(4), 736-743. 
 
Kleber, C., Bruns, M., Lienkamp, K., Rühe, J. and Asplund, M. (2017) 'An interpenetrating, 
microstructurable and covalently attached conducting polymer hydrogel for neural 
interfaces', Acta Biomaterialia, 58, 365-375. 
 
Kleber, C., Lienkamp, K., Rühe, J. and Asplund, M. (2019) 'Electrochemically Controlled Drug 
Release from a Conducting Polymer Hydrogel (PDMAAp/PEDOT) for Local Therapy 
and Bioelectronics', Advanced Healthcare Materials, 8(10), 1801488. 
 
Kotanen, C. N., Karunwi, O., Alam, F., Uyehara, C. F. T. and Guiseppi-Elie, A. (2018) 
'Fabrication and in vitro performance of a dual responsive lactate and glucose 
biosensor', Electrochimica Acta, 267, 71-79. 
 
Kumar, D. and Sharma, R. (1998) 'Advances in conductive polymers', European Polymer 
Journal, 34(8), 1053-1060. 
 
Lebedeva, N. V. and Forbes, M. D. E. (2008) 'Time-Resolved EPR Studies of Main-Chain 
Radicals from Acrylic Polymers. Poly(acrylic acid)s', Macromolecules, 41(4), 1334-
1340. 
 
Levental, I., Georges, P. C. and Janmey, P. A. (2007) 'Soft biological materials and their impact 
on cell function', Soft Matter, 3(3), 299-306. 
 
REFERENCES    
201 
 
Li, J., Rossignol, F. and Macdonald, J. (2015) 'Inkjet printing for biosensor fabrication: 
combining chemistry and technology for advanced manufacturing', Lab on a Chip, 
15(12), 2538-2558. 
 
Li, L., Ge, J., Guo, B. and Ma, P. X. (2014) 'In situ forming biodegradable electroactive 
hydrogels', Polymer Chemistry, 5(8), 2880-2890. 
 
Li, L., Ge, J., Ma, P. X. and Guo, B. (2015) 'Injectable conducting interpenetrating polymer 
network hydrogels from gelatin-graft-polyaniline and oxidized dextran with enhanced 
mechanical properties', RSC Advances, 5(112), 92490-92498. 
 
Li, L., Lu, C., Wang, L., Chen, M., White, J., Hao, X., McLean, K. M., Chen, H. and Hughes, 
T. C. (2018) 'Gelatin-Based Photocurable Hydrogels for Corneal Wound Repair', ACS 
Applied Materials & Interfaces, 10(16), 13283-13292. 
 
Li, L., Pan, L., Ma, Z., Yan, K., Cheng, W., Shi, Y. and Yu, G. (2018) 'All Inkjet-Printed 
Amperometric Multiplexed Biosensors Based on Nanostructured Conductive Hydrogel 
Electrodes', Nano Letters, 18(6), 3322-3327. 
 
Li, M., Guo, Y., Wei, Y., MacDiarmid, A. G. and Lelkes, P. I. (2006) 'Electrospinning 
polyaniline-contained gelatin nanofibers for tissue engineering applications', 
Biomaterials, 27(13), 2705-2715. 
 
Li, S., Macosko, C. W. and White, H. S. (1993) 'Electrochemical processing of conducting 
polymer fibers', Science, 957-960. 
 
Li, W., Zeng, X., Wang, H., Wang, Q. and Yang, Y. (2015) 'Polyaniline-poly(styrene sulfonate) 
conducting hydrogels reinforced by supramolecular nanofibers and used as drug 
carriers with electric-driven release', European Polymer Journal, 66, 513-519. 
 
Li, Y., Sun, Y., Xiao, Y., Gao, G., Liu, S., Zhang, J. and Fu, J. (2016) 'Electric Field Actuation 
of Tough Electroactive Hydrogels Cross-Linked by Functional Triblock Copolymer 
Micelles', ACS Applied Materials & Interfaces, 8(39), 26326-26331. 
 
Lim, K. S., Levato, R., Costa, P. F., Castilho, M. D., Alcala-Orozco, C. R., van Dorenmalen, 
K. M. A., Melchels, F. P. W., Gawlitta, D., Hooper, G. J., Malda, J. and Woodfield, T. 
B. F. (2018) 'Bio-resin for high resolution lithography-based biofabrication of complex 
cell-laden constructs', Biofabrication, 10(3), 034101. 
 
Lin, C.-C., Raza, A. and Shih, H. (2011) 'PEG hydrogels formed by thiol-ene photo-click 
chemistry and their effect on the formation and recovery of insulin-secreting cell 
spheroids', Biomaterials, 32(36), 9685-9695. 
 
Lipatov, Y. S. (2002) 'Polymer blends and interpenetrating polymer networks at the interface 
with solids', Progress in Polymer Science, 27(9), 1721-1801. 
 
REFERENCES    
202 
 
Liu, C., Pei, H. and Tan, F. (2020) 'Matrix Stiffness and Colorectal Cancer', OncoTargets and 
therapy, 13, 2747-2755. 
 
Liu, Z., Lin, Q., Sun, Y., Liu, T., Bao, C., Li, F. and Zhu, L. (2014) 'Spatiotemporally 
Controllable and Cytocompatible Approach Builds 3D Cell Culture Matrix by Photo-
Uncaged-Thiol Michael Addition Reaction', Advanced Materials, 26(23), 3912-3917. 
 
Lu, B., Yuk, H., Lin, S., Jian, N., Qu, K., Xu, J. and Zhao, X. (2019) 'Pure PEDOT:PSS 
hydrogels', Nature Communications, 10(1), 1043. 
 
Lu, Y., Li, Y., Pan, J., Wei, P., Liu, N., Wu, B., Cheng, J., Lu, C. and Wang, L. (2012) 'Poly 
(3, 4-ethylenedioxythiophene)/poly (styrenesulfonate)-poly (vinyl alcohol)/poly 
(acrylic acid) interpenetrating polymer networks for improving optrode-neural tissue 
interface in optogenetics', Biomaterials, 33(2), 378-394. 
 
Ly, C., Phan, T., Vu, C., Sinh, L., Nguyen, T., Lam, T., Le, L. and Vu, T. T. (2019) 
'Electrodeposition of PEDOT-rGO film in aqueous solution for detection of 
acetaminophen in traditional medicaments', Advances in Natural Sciences: 
Nanoscience and Nanotechnology, 10, 015013. 
 
Mabilleau, G., Stancu, I. C., Honoré, T., Legeay, G., Cincu, C., Baslé, M. F. and Chappard, D. 
(2006) 'Effects of the length of crosslink chain on poly(2-hydroxyethyl methacrylate) 
(pHEMA) swelling and biomechanical properties', Journal of Biomedical Materials 
Research Part A, 77A(1), 35-42. 
 
Malda, J., Visser, J., Melchels, F. P., Jüngst, T., Hennink, W. E., Dhert, W. J., Groll, J. and 
Hutmacher, D. W. (2013) '25th anniversary article: engineering hydrogels for 
biofabrication', Advanced Materials, 25(36), 5011-5028. 
 
Malkoch, M., Vestberg, R., Gupta, N., Mespouille, L., Dubois, P., Mason, A. F., Hedrick, J. 
L., Liao, Q., Frank, C. W. and Kingsbury, K. (2006) 'Synthesis of well-defined hydrogel 
networks using click chemistry', Chemical Communications, (26), 2774-2776. 
 
Mani, G., Jae-Sung, R. and Kyobum, K. (2018) 'Recent Developments in Thiolated Polymeric 
Hydrogels for Tissue Engineering Applications', Tissue Engineering Part B: Reviews, 
24(1), 66-74. 
 
Manouchehri, S., Bagheri, B., Rad, S. H., Nezhad, M. N., Kim, Y. C., Park, O. O., Farokhi, 
M., Jouyandeh, M., Ganjali, M. R., Yazdi, M. K., Zarrintaj, P. and Saeb, M. R. (2019) 
'Electroactive bio-epoxy incorporated chitosan-oligoaniline as an advanced hydrogel 
coating for neural interfaces', Progress in Organic Coatings, 131, 389-396. 
 
Márquez-Maqueda, A., Ríos-Gallardo, J., Vigués, N., Pujol, F., Díaz-González, M., Mas, J., 
Jiménez-Jorquera, C., Domínguez, C. and Muñoz-Berbel, X. (2016) 'Enzymatic 
biosensors based on electrodeposited alginate hydrogels', Procedia Engineering, 168, 
622-625. 
 
REFERENCES    
203 
 
Martinez, M. V., Bruno, M. M., Miras, M. C. and Barbero, C. A. (2016) 'Electroactive polymers 
made by loading redox ions inside crosslinked polymeric hydrogels. Effects of 
hydrophobic interactions and solvent dynamics', Electrochimica Acta, 219, 363-376. 
 
Mawad, D., Artzy-Schnirman, A., Tonkin, J., Ramos, J., Inal, S., Mahat, M. M., Darwish, N., 
Zwi-Dantsis, L., Malliaras, G. G., Gooding, J. J., Lauto, A. and Stevens, M. M. (2016) 
'Electroconductive Hydrogel Based on Functional Poly(Ethylenedioxy Thiophene)', 
Chemistry of Materials, 28(17), 6080-6088. 
 
McGann, C. L., Dumm, R. E., Jurusik, A. K., Sidhu, I. and Kiick, K. L. (2016) 'Thiol-ene 
Photocrosslinking of Cytocompatible Resilin-Like Polypeptide-PEG Hydrogels', 
Macromolecular Bioscience, 16(1), 129-138. 
 
McQuin, C., Goodman, A., Chernyshev, V., Kamentsky, L., Cimini, B. A., Karhohs, K. W., 
Doan, M., Ding, L., Rafelski, S. M., Thirstrup, D., Wiegraebe, W., Singh, S., Becker, 
T., Caicedo, J. C. and Carpenter, A. E. (2018) 'CellProfiler 3.0: Next-generation image 
processing for biology', PLOS Biology, 16(7), e2005970. 
 
Melchels, F. P. W., Dhert, W. J. A., Hutmacher, D. W. and Malda, J. (2014) 'Development and 
characterisation of a new bioink for additive tissue manufacturing', Journal of Materials 
Chemistry B, 2(16), 2282-2289. 
 
Miriani, R. M., Abidian, M. R. and Kipke, D. R. (2008) 'Cytotoxic analysis of the conducting 
polymer PEDOT using myocytes', in 2008 30th Annual International Conference of the 
IEEE Engineering in Medicine and Biology Society, 20-25 Aug. 2008, 1841-1844. 
 
Mongkolkitikul, S., Paradee, N. and Sirivat, A. (2018) 'Electrically controlled release of 
ibuprofen from conductive poly(3-methoxydiphenylamine)/crosslinked pectin 
hydrogel', European Journal of Pharmaceutical Sciences, 112, 20-27. 
 
Moore, E. M. and West, J. L. (2019) 'Bioactive Poly(ethylene Glycol) Acrylate Hydrogels for 
Regenerative Engineering', Regenerative Engineering and Translational Medicine, 
5(2), 167-179. 
 
Moroni, L., Boland, T., Burdick, J. A., De Maria, C., Derby, B., Forgacs, G., Groll, J., Li, Q., 
Malda, J. and Mironov, V. A. (2018) 'Biofabrication: a guide to technology and 
terminology', Trends in biotechnology, 36(4), 384-402. 
 
Moura, L. I. F., Dias, A. M. A., Carvalho, E. and de Sousa, H. C. (2013) 'Recent advances on 
the development of wound dressings for diabetic foot ulcer treatment—A review', Acta 
Biomaterialia, 9(7), 7093-7114. 
 
Mulla, M. Y., Seshadri, P., Torsi, L., Manoli, K., Mallardi, A., Ditaranto, N., Santacroce, M. 
V., Di Franco, C., Scamarcio, G. and Magliulo, M. (2015) 'UV crosslinked poly(acrylic 
acid): a simple method to bio-functionalize electrolyte-gated OFET biosensors', 
Journal of Materials Chemistry B, 3(25), 5049-5057. 
 
REFERENCES    
204 
 
Murdan, S. (2003) 'Electro-responsive drug delivery from hydrogels', Journal of Controlled 
Release, 92(1), 1-17. 
 
Murray, P., Spinks, G., Wallace, G. and Burford, R. (1997) 'In-situ mechanical properties of 
tosylate doped (pTS) polypyrrole', Synthetic Metals, 84(1-3), 847-848. 
 
Najafi, M., Vahedi, F., Ahmadi, S., Madani, R. and Mehrvarz, M. (2008) 'Effect of Collagen 
Type I (Rat Tail) on Cell Proliferation and Adhesion of BHK-21', IFMBE Proceedings, 
21. 
 
Nakamura, M., Kobayashi, A., Takagi, F., Watanabe, A., Hiruma, Y., Ohuchi, K., Iwasaki, Y., 
Horie, M., Morita, I. and Takatani, S. (2005) 'Biocompatible inkjet printing technique 
for designed seeding of individual living cells', Tissue Eng, 11(11-12), 1658-66. 
 
Nii, M., Lai, J. H., Keeney, M., Han, L.-H., Behn, A., Imanbayev, G. and Yang, F. (2013) 'The 
effects of interactive mechanical and biochemical niche signaling on osteogenic 
differentiation of adipose-derived stem cells using combinatorial hydrogels', Acta 
Biomaterialia, 9(3), 5475-5483. 
 
Niu, G., Song, L., Zhang, H., Cui, X., Kashima, M., Yang, Z., Cao, H., Wang, G., Zheng, Y., 
Zhu, S. and Yang, H. (2010) 'Application of thiol-ene photopolymerization for 
injectable intraocular lenses: A preliminary study', Polymer Engineering & Science, 
50(1), 174-182. 
 
Niu, L., Zhang, D., Liu, Y., Zhou, X., Wang, J., Wang, C. and Chu, F. (2020) 'Combination of 
acid treatment and dual network fabrication to stretchable cellulose based hydrogels 
with tunable properties', International Journal of Biological Macromolecules, 147, 1-
9. 
 
Orduño Rodríguez, A. M., Pérez Martínez, C. J., del Castillo Castro, T., Castillo Ortega, M. 
M., Rodríguez Félix, D. E. and Romero García, J. (2019) 'Nanocomposite hydrogel of 
poly(vinyl alcohol) and biocatalytically synthesized polypyrrole as potential system for 
controlled release of metoprolol', Polymer Bulletin. 
 
Ouellette, R. J. and Rawn, J. D. (2014) Organic chemistry: structure, mechanism, and 
synthesis, Elsevier. 
 
Pairatwachapun, S., Paradee, N. and Sirivat, A. (2016) 'Controlled release of acetylsalicylic 
acid from polythiophene/carrageenan hydrogel via electrical stimulation', 
Carbohydrate Polymers, 137, 214-221. 
 
Pan, L., Yu, G., Zhai, D., Lee, H. R., Zhao, W., Liu, N., Wang, H., Tee, B. C.-K., Shi, Y. and 
Cui, Y. (2012) 'Hierarchical nanostructured conducting polymer hydrogel with high 
electrochemical activity', Proceedings of the National Academy of Sciences, 109(24), 
9287-9292. 
 
REFERENCES    
205 
 
Park, H., Lee, H. J., An, H. and Lee, K. Y. (2017) 'Alginate hydrogels modified with low 
molecular weight hyaluronate for cartilage regeneration', Carbohydrate Polymers, 162, 
100-107. 
 
Passos, M. F., Fernández-Gutiérrez, M., Vázquez-Lasa, B., Román, J. S. and Filho, R. M. 
(2016) 'PHEMA-PLLA semi-interpenetrating polymer networks: A study of their 
swelling kinetics, mechanical properties and cellular behavior', European Polymer 
Journal, 85, 150-163. 
 
Paszek, M. J., Zahir, N., Johnson, K. R., Lakins, J. N., Rozenberg, G. I., Gefen, A., Reinhart-
King, C. A., Margulies, S. S., Dembo, M., Boettiger, D., Hammer, D. A. and Weaver, 
V. M. (2005) 'Tensional homeostasis and the malignant phenotype', Cancer Cell, 8(3), 
241-254. 
 
Patton, A. J., Green, R. A. and Poole-Warren, L. A. (2015) 'Mediating conducting polymer 
growth within hydrogels by controlling nucleation', APL Materials, 3(1), 014912. 
 
Pérez-Garnes, M. and Monleón-Pradas, M. (2017) 'Poly(methacrylated hyaluronan-co-ethyl 
acrylate) copolymer networks with tunable properties and enzymatic degradation', 
Polymer Degradation and Stability, 144, 241-250. 
 
Pérez-Martínez, C. J., Morales Chávez, S. D., del Castillo-Castro, T., Lara Ceniceros, T. E., 
Castillo-Ortega, M. M., Rodríguez-Félix, D. E. and Gálvez Ruiz, J. C. (2016) 
'Electroconductive nanocomposite hydrogel for pulsatile drug release', Reactive and 
Functional Polymers, 100, 12-17. 
 
Pérez, R. A., Won, J.-E., Knowles, J. C. and Kim, H.-W. (2013) 'Naturally and synthetic smart 
composite biomaterials for tissue regeneration', Advanced Drug Delivery Reviews, 
65(4), 471-496. 
 
Pillay, V., Tsai, T. S., Choonara, Y. E., Toit, L. C. d., Kumar, P., Modi, G., Naidoo, D., Tomar, 
L. K., Tyagi, C. and Ndesendo, V. M. K. (2014) 'A review of integrating electroactive 
polymers as responsive systems for specialized drug delivery applications', Journal of 
Biomedical Materials Research Part A, 102(6), 2039-2054. 
 
Piro, B., Mattana, G., Zrig, S., Anquetin, G., Battaglini, N., Capitao, D., Maurin, A. and 
Reisberg, S. (2018) 'Fabrication and Use of Organic Electrochemical Transistors for 
Sensing of Metabolites in Aqueous Media', Applied Sciences, 8, 928. 
 
Prusty, K. and Swain, S. K. (2019) 'Release of ciprofloxacin drugs by nano gold embedded 
cellulose grafted polyacrylamide hybrid nanocomposite hydrogels', International 
Journal of Biological Macromolecules, 126, 765-775. 
 
Pyarasani, R. D., Jayaramudu, T. and John, A. (2019) 'Polyaniline-based conducting 
hydrogels', Journal of Materials Science, 54(2), 974-996. 
 
REFERENCES    
206 
 
Qian, X., Zhang, K. and Liu, Z. (2015) 'A method to determine the mechanical properties of 
the retina based on an experiment in vivo', Bio-medical materials and engineering, 26, 
S287-S297. 
 
Qu, J., Zhao, X., Liang, Y., Xu, Y., Ma, P. X. and Guo, B. (2019) 'Degradable conductive 
injectable hydrogels as novel antibacterial, anti-oxidant wound dressings for wound 
healing', Chemical Engineering Journal, 362, 548-560. 
 
Qu, Y., He, Y., Saidi, A., Xin, Y., Zhou, Y., Zhu, J., Ma, T., Silverman, R. H., Minckler, D. S., 
Zhou, Q. and Chen, Z. (2018) 'In Vivo Elasticity Mapping of Posterior Ocular Layers 
Using Acoustic Radiation Force Optical Coherence Elastography', Investigative 
ophthalmology & visual science, 59(1), 455-461. 
 
Raza, A. and Lin, C. C. (2013) 'The Influence of Matrix Degradation and Functionality on Cell 
Survival and Morphogenesis in PEG‐B ased Hydrogels', Macromolecular Bioscience, 
13(8), 1048-1058. 
 
Ren, Y., Zhang, H., Qin, W., Du, B., Liu, L. and Yang, J. (2020) 'A collagen mimetic peptide-
modified hyaluronic acid hydrogel system with enzymatically mediated degradation for 
mesenchymal stem cell differentiation', Materials Science and Engineering: C, 108, 
110276. 
 
Reyes-Reyes, M., López-Sandoval, R., Tovar-Martínez, E., Cabrera-Salazar, J. V. and 
Martínez-Ponce, G. (2018) 'Tuning the dedoping process of PEDOT:PSS films using 
DBU-solvent complexes', Synthetic Metals, 243, 25-33. 
 
Robinson, S. S., O’Brien, K. W., Zhao, H., Peele, B. N., Larson, C. M., Mac Murray, B. C., 
Van Meerbeek, I. M., Dunham, S. N. and Shepherd, R. F. (2015) 'Integrated soft sensors 
and elastomeric actuators for tactile machines with kinesthetic sense', Extreme 
Mechanics Letters, 5, 47-53. 
 
Rosiak, J. M. and Yoshii, F. (1999) 'Hydrogels and their medical applications', Nuclear 
Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, 151(1), 56-64. 
 
Russo, L., Sgambato, A., Visone, R., Occhetta, P., Moretti, M., Rasponi, M., Nicotra, F. and 
Cipolla, L. (2016) 'Gelatin hydrogels via thiol-ene chemistry', Monatshefte für Chemie 
- Chemical Monthly, 147(3), 587-592. 
 
Rydholm, A. E., Held, N. L., Benoit, D. S. W., Bowman, C. N. and Anseth, K. S. (2008) 
'Modifying network chemistry in thiol-acrylate photopolymers through 
postpolymerization functionalization to control cell-material interactions', Journal of 
Biomedical Materials Research Part A, 86A(1), 23-30. 
 
Saunders, R. E. and Derby, B. (2014) 'Inkjet printing biomaterials for tissue engineering: 
bioprinting', International Materials Reviews, 59(8), 430-448. 
 
REFERENCES    
207 
 
Sayyar, S., Murray, E., Thompson, B. C., Chung, J., Officer, D. L., Gambhir, S., Spinks, G. M. 
and Wallace, G. G. (2015) 'Processable conducting graphene/chitosan hydrogels for 
tissue engineering', Journal of Materials Chemistry B, 3(3), 481-490. 
 
Schmidt, C. E., Shastri, V. R., Vacanti, J. P. and Langer, R. (1997) 'Stimulation of neurite 
outgrowth using an electrically conducting polymer', Proceedings of the National 
Academy of Sciences, 94(17), 8948-8953. 
 
Schoener, C. A., Hutson, H. N. and Peppas, N. A. (2013) 'pH‐responsive hydrogels with 
dispersed hydrophobic nanoparticles for the oral delivery of chemotherapeutics', 
Journal of Biomedical Materials Research Part A, 101(8), 2229-2236. 
 
Sherazi, T. (2015) 'Graft Polymerization' in 1-2. 
 
Shi, Z., Li, Y., Chen, X., Han, H. and Yang, G. (2014) 'Double network bacterial cellulose 
hydrogel to build a biology-device interface', Nanoscale, 6(2), 970-977. 
 
Shim, J.-H., Kim, J. Y., Park, M., Park, J. and Cho, D.-W. (2011) 'Development of a hybrid 
scaffold with synthetic biomaterials and hydrogel using solid freeform fabrication 
technology', Biofabrication, 3(3), 034102. 
 
Shin, J., Lee, J. S., Lee, C., Park, H.-J., Yang, K., Jin, Y., Ryu, J. H., Hong, K. S., Moon, S.-
H., Chung, H.-M., Yang, H. S., Um, S. H., Oh, J.-W., Kim, D.-I., Lee, H. and Cho, S.-
W. (2015) 'Tissue Adhesive Catechol-Modified Hyaluronic Acid Hydrogel for 
Effective, Minimally Invasive Cell Therapy', Advanced Functional Materials, 25(25), 
3814-3824. 
 
Shin, S. R., Jung, S. M., Zalabany, M., Kim, K., Zorlutuna, P., Kim, S. b., Nikkhah, M., 
Khabiry, M., Azize, M., Kong, J., Wan, K.-t., Palacios, T., Dokmeci, M. R., Bae, H., 
Tang, X. and Khademhosseini, A. (2013) 'Carbon-Nanotube-Embedded Hydrogel 
Sheets for Engineering Cardiac Constructs and Bioactuators', ACS Nano, 7(3), 2369-
2380. 
 
Shklovsky, J., Reuveny, A., Sverdlov, Y., Krylov, S. and Shacham-Diamand, Y. (2018) 
'Towards fully polymeric electroactive micro actuators with conductive polymer 
electrodes', Microelectronic Engineering, 199, 58-62. 
 
Silva, L. and Oréfice, R. (2014) 'Synthesis and electromechanical actuation of a temperature, 
pH, and electrically responsive hydrogel', Journal of Polymer Research, 21(6), 1-9. 
 
Small, C. J., Too, C. O. and Wallace, G. G. (1997) 'Responsive conducting polymer-hydrogel 
composites', Polymer Gels and Networks, 5(3), 251-265. 
 
Smirnov, M. A., Sokolova, M. P., Bobrova, N. V., Kasatkin, I. A., Lahderanta, E. and 
Elyashevich, G. K. (2016) 'Capacitance properties and structure of electroconducting 
REFERENCES    
208 
 
hydrogels based on copoly(aniline – p-phenylenediamine) and polyacrylamide', 
Journal of Power Sources, 304, 102-110. 
 
Somaiah, C., Kumar, A., Mawrie, D., Sharma, A., Patil, S. D., Bhattacharyya, J., Swaminathan, 
R. and Jaganathan, B. G. (2015) 'Collagen Promotes Higher Adhesion, Survival and 
Proliferation of Mesenchymal Stem Cells', PloS one, 10(12), e0145068-e0145068. 
 
Song, J., Chen, Q., Zhang, Y., Diba, M., Kolwijck, E., Shao, J., Jansen, J. A., Yang, F., 
Boccaccini, A. R. and Leeuwenburgh, S. C. G. (2016) 'Electrophoretic Deposition of 
Chitosan Coatings Modified with Gelatin Nanospheres To Tune the Release of 
Antibiotics', ACS Applied Materials & Interfaces, 8(22), 13785-13792. 
 
Sriprachuabwong, C., Karuwan, C., Wisitsorrat, A., Phokharatkul, D., Lomas, T., 
Sritongkham, P. and Tuantranont, A. (2012) 'Inkjet-printed graphene-PEDOT:PSS 
modified screen printed carbon electrode for biochemical sensing', Journal of Materials 
Chemistry, 22(12), 5478-5485. 
 
Stejskal, J. (2017) 'Conducting polymer hydrogels', Chemical Papers, 71(2), 269-291. 
 
Suri, V. S., Jayaraman, M., Phani, K. and Yegnaraman, V. (2007) 'Chemical synthesis of 
PEDOT-Au nanocomposite', Nanoscale research letters, 2, 546-549. 
 
Sutani, K., Kaetsu, I. and Uchida, K. (2001) 'The synthesis and the electric-responsiveness of 
hydrogels entrapping natural polyelectrolyte', Radiation Physics and Chemistry, 61(1), 
49-54. 
 
Talikowska, M., Fu, X. and Lisak, G. (2019) 'Application of conducting polymers to wound 
care and skin tissue engineering: A review', Biosensors and Bioelectronics, 135, 50-63. 
 
Tan, H. and Marra, K. G. (2010) 'Injectable, Biodegradable Hydrogels for Tissue Engineering 
Applications', Materials, 3(3), 1746. 
 
Tekin, E., Smith, P. J. and Schubert, U. S. (2008) 'Inkjet printing as a deposition and patterning 
tool for polymers and inorganic particles', Soft Matter, 4(4), 703-713. 
 
Thu, B., Bruheim, P., Espevik, T., Smidsrød, O., Soon-Shiong, P. and Skjåk-Bræk, G. (1996) 
'Alginate polycation microcapsules: I. Interaction between alginate and polycation', 
Biomaterials, 17(10), 1031-1040. 
 
Tong, X., Jiang, J., Zhu, D. and Yang, F. (2016) 'Hydrogels with Dual Gradients of Mechanical 
and Biochemical Cues for Deciphering Cell-Niche Interactions', ACS Biomaterials 
Science & Engineering, 2(5), 845-852. 
 
Tungkavet, T., Seetapan, N., Pattavarakorn, D. and Sirivat, A. (2015) 'Graphene/gelatin 
hydrogel composites with high storage modulus sensitivity for using as electroactive 
actuator: Effects of surface area and electric field strength', Polymer, 70, 242-251. 




Ullah, F., Othman, M. B. H., Javed, F., Ahmad, Z. and Akil, H. M. (2015) 'Classification, 
processing and application of hydrogels: A review', Materials Science and 
Engineering: C, 57, 414-433. 
 
Van Hoorick, J., Tytgat, L., Dobos, A., Ottevaere, H., Van Erps, J., Thienpont, H., Ovsianikov, 
A., Dubruel, P. and Van Vlierberghe, S. (2019) '(Photo-)crosslinkable gelatin 
derivatives for biofabrication applications', Acta Biomaterialia, 97, 46-73. 
 
Vedadghavami, A., Minooei, F., Mohammadi, M. H., Khetani, S., Rezaei, A., Mashayekhan, 
S. and Sanati Nezhad, A. (2017) 'Manufacturing of hydrogel biomaterials with 
controlled mechanical properties for tissue engineering applications', Acta 
Biomaterialia, 62. 
 
Visser, J., Peters, B., Burger, T. J., Boomstra, J., Dhert, W. J., Melchels, F. P. and Malda, J. 
(2013) 'Biofabrication of multi-material anatomically shaped tissue constructs', 
Biofabrication, 5(3), 035007. 
 
Walker, B. W., Portillo Lara, R., Mogadam, E., Hsiang Yu, C., Kimball, W. and Annabi, N. 
(2019) 'Rational design of microfabricated electroconductive hydrogels for biomedical 
applications', Progress in Polymer Science, 92, 135-157. 
 
Wang, C., Dong, Y., Sengothi, K., Tan, K. and Kang, E. (1999) 'In-vivo tissue response to 
polyaniline', Synthetic Metals, 102(1-3), 1313-1314. 
 
Wang, K., Read, A. T., Sulchek, T. and Ethier, C. R. (2017) 'Trabecular meshwork stiffness in 
glaucoma', Experimental Eye Research, 158, 3-12. 
 
Wang, K., Tian, L., Wang, T., Zhang, Z., Gao, X., Wu, L., Fu, B. and Liu, X. (2019) 
'Electrodeposition of alginate with PEDOT/PSS coated MWCNTs to make an 
interpenetrating conducting hydrogel for neural interface', Composite Interfaces, 26(1), 
27-40. 
 
Wang, L.-S., Chung, J. E., Pui-Yik Chan, P. and Kurisawa, M. (2010) 'Injectable biodegradable 
hydrogels with tunable mechanical properties for the stimulation of neurogenesic 
differentiation of human mesenchymal stem cells in 3D culture', Biomaterials, 31(6), 
1148-1157. 
 
Wang, Q., Qiong Wang and Teng, W. (2015) 'Injectable, degradable, electroactive 
nanocomposite hydrogels containing conductive polymer nanoparticles for biomedical 
applications', International Journal of Nanomedicine, 11, 15. 
 
Wang, X., Yan, C., Ye, K., He, Y., Li, Z. and Ding, J. (2013) 'Effect of RGD nanospacing on 
differentiation of stem cells', Biomaterials, 34(12), 2865-2874. 
 
REFERENCES    
210 
 
Wei, S., Yin, R., Tang, T., Wu, Y., Liu, Y., Wang, P., Wang, K., Mei, M., Zou, R. and Duan, 
X. (2019) 'Gas-Permeable, Irritation-Free, Transparent Hydrogel Contact Lens Devices 
with Metal-Coated Nanofiber Mesh for Eye Interfacing', ACS Nano, 13(7), 7920-7929. 
 
Wei, X.-L., Wang, Y., Long, S., Bobeczko, C. and Epstein, A. (1996) 'Synthesis and physical 
properties of highly sulfonated polyaniline', Journal of the American Chemical Society, 
118(11), 2545-2555. 
 
Wells, R. G. (2008) 'The role of matrix stiffness in regulating cell behavior', Hepatology, 47(4), 
1394-1400. 
 
Wichterle, O. and LÍM, D. (1960) 'Hydrophilic Gels for Biological Use', Nature, 185(4706), 
117-118. 
 
Williams, R. and Doherty, P. (1994) 'A preliminary assessment of poly (pyrrole) in nerve guide 
studies', Journal of Materials Science: Materials in Medicine, 5(6-7), 429-433. 
 
Winter, J. O., Cogan, S. F. and Rizzo III, J. F. (2007) 'Neurotrophin‐eluting hydrogel coatings 
for neural stimulating electrodes', Journal of Biomedical Materials Research Part B: 
Applied Biomaterials: An Official Journal of The Society for Biomaterials, The 
Japanese Society for Biomaterials, and The Australian Society for Biomaterials and the 
Korean Society for Biomaterials, 81(2), 551-563. 
 
Wong, J. Y., Langer, R. and Ingber, D. E. (1994) 'Electrically conducting polymers can 
noninvasively control the shape and growth of mammalian cells', Proceedings of the 
National Academy of Sciences, 91(8), 3201-3204. 
 
Wu, Q., Qi, Z. and Wang, F. (1999) 'The six-member ring self-doping structure in sulfonated 
polyaniline', Synthetic Metals, 105(3), 191-194. 
 
Wu, S.-W., Liu, X., Miller, A. L., Cheng, Y.-S., Yeh, M.-L. and Lu, L. (2018) 'Strengthening 
injectable thermo-sensitive NIPAAm-g-chitosan hydrogels using chemical cross-
linking of disulfide bonds as scaffolds for tissue engineering', Carbohydrate Polymers, 
192, 308-316. 
 
Wu, Y., Wang, L., Guo, B. and Ma, P. X. (2017) 'Interwoven aligned conductive nanofiber 
yarn/hydrogel composite scaffolds for engineered 3D cardiac anisotropy', ACS Nano, 
11(6), 5646-5659. 
 
Wu, Y., Wang, L., Guo, B., Shao, Y. and Ma, P. X. (2016) 'Electroactive biodegradable 
polyurethane significantly enhanced Schwann cells myelin gene expression and 
neurotrophin secretion for peripheral nerve tissue engineering', Biomaterials, 87, 18-
31. 
 
REFERENCES    
211 
 
Xiong, C., Zhong, W., Zou, Y., Luo, J. and Yang, W. (2016) 'Electroactive 
biopolymer/graphene hydrogels prepared for high-performance supercapacitor 
electrodes', Electrochimica Acta, 211, 941-949. 
 
Xu, Q., A, S., Gao, Y., Guo, L., Creagh-Flynn, J., Zhou, D., Greiser, U., Dong, Y., Wang, F., 
Tai, H., Liu, W., Wang, W. and Wang, W. (2018) 'A hybrid injectable hydrogel from 
hyperbranched PEG macromer as a stem cell delivery and retention platform for 
diabetic wound healing', Acta Biomaterialia, 75, 63-74. 
 
Xu, T., Gregory, C. A., Molnar, P., Cui, X., Jalota, S., Bhaduri, S. B. and Boland, T. (2006) 
'Viability and electrophysiology of neural cell structures generated by the inkjet 
printing method', Biomaterials, 27(19), 3580-8. 
 
Xu, Z., Li, Z., Jiang, S. and Bratlie, K. M. (2018) 'Chemically Modified Gellan Gum Hydrogels 
with Tunable Properties for Use as Tissue Engineering Scaffolds', ACS Omega, 3(6), 
6998-7007. 
 
Yang, J.-A., Yeom, J., Hwang, B. W., Hoffman, A. S. and Hahn, S. K. (2014) 'In situ-forming 
injectable hydrogels for regenerative medicine', Progress in Polymer Science, 39(12), 
1973-1986. 
 
Yom-Tov, O., Seliktar, D. and Bianco-Peled, H. (2016) 'PEG-Thiol based hydrogels with 
controllable properties', European Polymer Journal, 74, 1-12. 
 
Yuan, H., Kononov, S., Cavalcante, F. S. A., Lutchen, K. R., Ingenito, E. P. and Suki, B. (2000) 
'Effects of collagenase and elastase on the mechanical properties of lung tissue strips', 
Journal of applied physiology, 89(1), 3-14. 
 
Yuan, X.-Z. R., Song, C., Wang, H. and Zhang, J. (2009) Electrochemical impedance 
spectroscopy in PEM fuel cells: fundamentals and applications, Springer Science & 
Business Media. 
 
Yue, J. and Epstein, A. J. (1990) 'Synthesis of self-doped conducting polyaniline', Journal of 
the American Chemical Society, 112(7), 2800-2801. 
 
Zahedi, E., Ansari, S., Wu, B. M., Bencharit, S. and Moshaverinia, A. (2017) '4 - Hydrogels in 
craniofacial tissue engineering' in Tayebi, L. and Moharamzadeh, K., eds., Biomaterials 
for Oral and Dental Tissue EngineeringWoodhead Publishing, 47-64. 
 
Zhang, J., Huo, M., Li, M., Li, T., Li, N., Zhou, J. and Jiang, J. (2018) 'Shape memory and self-
healing materials from supramolecular block polymers', Polymer, 134, 35-43. 
 
Zhang, L., Wang, L., Guo, B. and Ma, P. X. (2014) 'Cytocompatible injectable carboxymethyl 
chitosan/N-isopropylacrylamide hydrogels for localized drug delivery', Carbohydrate 
Polymers, 103, 110-118. 
 
REFERENCES    
212 
 
Zhang, L., Zheng, G.-J., Guo, Y.-T., Zhou, L., Du, J. and He, H. (2014) 'Preparation of novel 
biodegradable pHEMA hydrogel for a tissue engineering scaffold by microwave-
assisted polymerization', Asian Pacific Journal of Tropical Medicine, 7(2), 136-140. 
 
Zhao, X., Guo, B. and Ma, P. X. (2015) 'Single component thermo-gelling electroactive 
hydrogels from poly(caprolactone)-poly(ethylene glycol)-poly(caprolactone)-graft-
aniline tetramer amphiphilic copolymers', Journal of Materials Chemistry B, 3(43), 
8459-8468. 
 
Zhao, X., Wu, H., Guo, B., Dong, R., Qiu, Y. and Ma, P. X. (2017) 'Antibacterial anti-oxidant 
electroactive injectable hydrogel as self-healing wound dressing with hemostasis and 
adhesiveness for cutaneous wound healing', Biomaterials, 122, 34-47. 
 
Zhong, Y. and Bellamkonda, R. V. (2007) 'Dexamethasone-coated neural probes elicit 
attenuated inflammatory response and neuronal loss compared to uncoated neural 
probes', Brain research, 1148, 15-27. 
 
Zhou, X., Castro, N. J., Zhu, W., Cui, H., Aliabouzar, M., Sarkar, K. and Zhang, L. G. (2016) 
'Improved human bone marrow mesenchymal stem cell osteogenesis in 3D bioprinted 
tissue scaffolds with low intensity pulsed ultrasound stimulation', Scientific Reports, 
6(1), 1-12. 
 
Zhou, Y., Cai, Y., Hu, X. and Long, Y. (2014) 'Temperature-responsive hydrogel with ultra-
large solar modulation and high luminous transmission for “smart window” 
applications', Journal of Materials Chemistry A, 2(33), 13550-13555. 
 
Zhu, W., Cui, H., Boualam, B., Masood, F., Flynn, E., Rao, R. D., Zhang, Z.-Y. and Zhang, L. 
G. (2018) '3D bioprinting mesenchymal stem cell-laden construct with core–shell 
nanospheres for cartilage tissue engineering', Nanotechnology, 29(18), 185101. 
 
 
 
